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RESUMO GERAL 
Os compostos bioativos possuem propriedades químicas e físicas, tais como 
antioxidante e corante, que enriquecem os alimentos e influenciam na saúde. Os 
flavonoides são uma das principais classes de pigmentos funcionais pelas quais as 
indústrias de alimentos, cosmética e farmacêutica têm apresentado maior interesse. 
Diversos métodos de extração e de fracionamento de extratos têm sido empregados 
na obtenção dos compostos bioativos. Técnicas de extração e fracionamento que 
utilizam fluidos supercríticos, vêm se destacando por proporcionarem a obtenção 
seletiva de compostos bioativos com elevada qualidade, uma vez que estão incluídas 
no conceito de "química verde", do desenvolvimento sustentável e por serem 
economicamente viáveis quando comparadas aos respectivos métodos convencionais. 
Nos métodos convencionais, grandes quantidades de solventes orgânicos, longos 
tempos de processo e altas temperaturas são requeridas, o que pode promover a 
degradação, com perda de compostos fenólicos, de capacidade antioxidante e de cor. 
No campo da tecnologia supercrítica, pesquisas são desenvolvidas com o objetivo de 
estudar processos que venham a aumentar o rendimento de extração e o teor de 
compostos fenólicos nos extratos. Estuda-se alterações nas condições de processo, 
como na pressão e temperatura e pela adição de etanol ou de mistura etanol-água 
como co-solventes do dióxido de carbono supercrítico (scCO2). Para compostos de 
alta polaridade, o fracionamento de extratos aquosos, etanólicos e hidroalcoólicos são 
obtidos utilizando scCO2 como antisolvente. Neste contexto, esse trabalho visou 
estudar a extração com CO2 supercrítico de compostos fenólicos de Milho roxo (Zea 
mays L.) do Peru, de própolis verde e de própolis vermelha do Brasil usando 
processos em uma etapa ou processos sequenciais em várias etapas. Estudou-se 
também o uso do CO2 como antisolvente para fracionar extratos etanólicos e 
hidroalcoólicos de propolis verde e vermelha.  A composição dos extratos foi avaliada 
quanto a Antocianinas Monoméricas Totais, Fenóis Totais, Flavonóis Totais, 
capacidade antioxidante por DPPH expressa em CE50 e cor avaliada pelos parâmetros 
do CIELAB. Todas essas análises mencionadas foram feitas por espectrofotometria. A 
análise de compostos específicos do milho roxo (Zea mays L.) e da própolis verde foi 
feita por HPLC, análises in vitro de atividade antiproliferativa foi feita para o pericarpo 
de milho roxo (Zea mays L.) e atividade antimicrobiana para a própolis verde. Os 
resultados mostraram que as extrações de milho roxo com scCO2 foram fortemente 
influenciadas pelo uso de co-solventes. As extrações em duas etapas sequenciais, 
extração com scCO2 seguida da extração com EtOH-H2O (70:30, v/v) da própolis 
verde e da própolis vermelha tiveram uma influência no rendimento geral de extração 
 
 
e sobre o conteúdo fenólico.  O uso de scCO2 como antisolvente no fracionamento da 
própolis verde e vermelha produziu frações de extratos com altos teores de compostos 
fenólicos.  No geral, todos os extratos demostraram ação potencial na atividade 
antioxidante.  
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ABSTRACT GENERAL 
 
Bioactive compounds have chemical and physical properties, such as antioxidants and 
dyes, which enrich foods and influence health. Flavonoids are one of the main classes 
of functional pigments for which the food, cosmetic and pharmaceutical industries have 
shown greater interest. Several methods of extraction and fractionation of extracts 
have been used to obtain the bioactive compounds. Extraction and fractionation 
techniques using supercritical fluids have been distinguished by their selective 
extraction of bioactive compounds with high quality, since they are included in the 
concept of "green chemistry", of sustainable development and because they are 
economically viable when compared to the respective conventional methods. In 
conventional methods, large amounts of organic solvents, long process times and high 
temperatures are required, which can promote degradation, with loss of phenolic 
compounds, antioxidant capacity and color. In the field of supercritical technology, 
researches are developed with the objective of studying processes that increase the 
extraction yield and the content of phenolic compounds in the extracts. Changes in 
process conditions, such as pressure and temperature, and the addition of ethanol or 
ethanol-water mixture as co-solvents of supercritical carbon dioxide (scCO2) are 
studied. For high polarity compounds, the fractionation of aqueous, ethanolic and 
hydroalcoholic extracts are obtained using scCO2 as antisolvent. In this context, this 
work aimed to study the supercritical CO2 extraction of phenolic compounds of 
Peruvian purple maize (Zea mays L.), green propolis and Brazilian red propolis using 
one - step processes or sequential processes in several stages. It was also studied the 
use of CO2 as antisolvent to fractionate ethanolic and hydroalcoholic extracts of green 
and red propolis. The composition of the extracts was evaluated for Total Monomeric 
Anthocyanins, Total Phenols, Total Flavonols, antioxidant capacity by DPPH expressed 
in EC50 and color evaluated by CIELAB parameters. All such analyzes were done by 
spectrophotometry. The analysis of specific compounds of purple maize (Zea mays L.) 
and green propolis was done by HPLC, in vitro analyzes of antiproliferative activity was 
done for the purple maize pericarp (Zea mays L.) and antimicrobial activity for green 
propolis. The results showed that extractions of purple corn with scCO2 were strongly 
influenced by the use of co-solvents. Two-step sequential extraction, scCO2 extraction 
followed by EtOH-H2O extraction (70:30, v/v) of the green propolis and the red propolis 
had an influence on the overall extraction yield and phenolic content. The use of scCO2 
as antisolvent in the fractionation of green and red propolis produced fractions of 
 
 
extracts with high contents of phenolic compounds. In general, all extracts showed 
potential action on antioxidant activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Extraction with Supercritical Fluid, Extraction with Pressurized Fluids, Co-
solvent, CO2, Ethanol, Water, Phenolic Compounds, Flavonoids, Anthocyanins, 
Artepilin C, Antioxidant Activity, Anti-microbial Activity, Antiploriferative Activity, Color, 
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1.1. INTRODUÇÃO GERAL 
A extração supercrítica com dióxido de carbono (scCO2) é uma tecnologia bem 
conhecida como alternativa para se produzir extratos naturais isentos de quaisquer 
traços de solventes indesejáveis, pois o dióxido de carbono (CO2) é um solvente 
seguro (Generally Recognised as Safe – GRAS), que tem características como: 
possuir temperatura crítica (Tc = 304 K) e pressão crítica (Pc = 7,4 MPa) baixas, não 
inflamável e atóxico, originando produtos e subprodutos limpos (Brunner, 2005). 
Apesar dessas vantagens, o dióxido de carbono supercrítico (scCO2) puro é um 
solvente limitado à extração de solutos apolares e/ou de baixa polaridade. O etanol e 
água de média e alta polaridade, também são considerados solventes seguros GRAS, 
e podem ser usados puros ou misturados, como solventes ou como co-solventes do 
scCO2 na extração de compostos de média e alta polaridade (Machado, B. A. et al., 
2016; Venturi et al., 2017). 
A diferença de polaridade entre solventes tornam-no seletivos à extração de 
alguns compostos bioativos de interesse. Em geral, o dióxido de carbono supercrítico 
puro substitui alguns solventes apolares, como por exemplo, o hexano na extração de 
óleos. Substitui também solventes de polaridade intermediária como o etanol na 
obtenção de Artepillin C® em extratos de folhas de alecrim-do-campo (Piantino et al., 
2008; Paula et al., 2016) ou na propolis verde (Estrada et al., 2008; Paviani et al., 
2010; Monroy et al., 2017; Veiga et al., 2017) e de artemisinina em folhas de artemisia 
(Martinez-Correa et al., 2012). No entanto quando se deseja extrair solutos polares, 
como por exemplo antocianinas do milho roxo (Zea mays L.), a extração hidroalcoólica 
é muito superior a extração com scCO2 (Monroy et al., 2016a; 2016b), Nesses casos 
pode-se empregar a extração supercrítica usando o etanol ou mistura etanol/água 
como co-solventes do scCO2, manipulando-se assim a polaridade da mistura para se 
poder extrair substâncias de diferentes polaridades (Monroy et al., 2016c). Outra 
opção é usar o scCO2 como anti-solvente, não para extrair, mas para fracionar por 
precipitação seletiva, compostos polares de interesse, solubilizados em um solvente 
convencional (Visentin et al., 2011; Seabra et al., 2012; Paula et al., 2017). 
Atualmente existe demanda para extratos naturais oriundos de processos que 
não empregam solventes orgânicos nocivos à saúde humana e ao meio ambiente, 
muitos extratos têm sido desenvolvidos utilizando fluido supercrítico (SFE – 
supercritical fluid extraction) e extração com líquido pressurizado (PLE – pressurized 
liquid extraction), na recuperação de compostos fenólicos que são amplamente 
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distribuídos na natureza. Estes compostos são encontrados em diversas matérias 
primas tais como: milho roxo, própolis verde, própolis vermelha entre outros produtos, 
os quais mostram alguma variação na composição específica (Silva et al., 2008; Yang 
e Zhai, 2010b; Guo et al., 2011; Reyes-Moreno et al., 2012; Machado, B. a. S. et al., 
2016; Monroy et al., 2016a; 2016b; Monroy et al., 2017; Silva et al., 2017). 
  O milho roxo (Zea mays L.) data do período pré-inca, predomina nos Andes do 
Peru, é de cor roxa muito intensa devido à grande quantidade de antocianinas (Jing et 
al., 2007; Ramos-Escudero et al., 2012). As antocianinas são uma classe de polifenóis 
responsáveis pelas cores laranja, vermelha, roxa e azul de muitas frutas, legumes, 
cereais, flores e outras plantas (Welch et al., 2008; Cheynier, 2012; Lao e Giusti, 
2017). Além de sua capacidade colorífica e tintorial, diversas são as atividades 
biológicas atribuídas às antocianinas como: atividade anticarcinogênica (Jing et al., 
2008; Long et al., 2013), antioxidante (Lopez-Martinez et al., 2009; Yang e Zhai, 
2010a; Paucar-Menacho et al., 2017) e anti-inflamatória (Lopez-Martinez et al., 2009; 
Lao et al., 2017). 
  A própolis é um material resinoso elaborado por abelhas e usada como 
revestimento da colmeia (Salatino et al., 2011). Para a produção da própolis as 
abelhas usam a matéria-prima coletada de diversas partes da planta como broto, 
botões florais, exsudados resinosos e outras partes do tecido vegetal (Pena, 2008). A 
composição química da própolis está intimamente relacionada com a origem botânica 
dessa matéria-prima, sendo que em média, 60% da própolis é formada por resinas e 
bálsamos, 30-40% de ceras, 5-10% de óleos essenciais e 5% de grãos de pólen 
(Toreti et al., 2013). A própolis é utilizada na medicina popular há muito tempo 
principalmente por apresentar propriedades anticancerígenas (Orsollae e Basiae, 
2007; Watanabe et al., 2011; Sawicka et al., 2012; Kustiawan et al., 2017) 
antimicrobiana (Marcucci, 1995; Eley, 1999; Ferreira et al., 2007; Veiga et al., 2017), 
anti-inflamatória (Ramos e Miranda, 2007; Correa et al., 2017; Rimbach et al., 2017) e 
cicatrizante (Guo et al., 2011). 
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1.2. JUSTIFICATIVAS 
I. Vem crescendo o interesse por processos de extração com CO2 supercrítico (scCO2) 
devido às várias vantagens apresentadas.  
II. Não foram encontrados na literatura, dados de extração de compostos bioativos das 
diferentes partes do milho roxo (Zea mays L.) com scCO2, em termos de rendimento e 
de concentração de compostos fenólicos, utilizando extrações em uma etapa ou em 
várias etapas sequenciais, utilizando ou não co-solventes, nem comparação destes 
com extratos obtidos via extração com líquido pressurizado (PLE).  
Apenas alguns trabalhos na literatura científica relatam as estimativas de 
extrações convencionais para o milho roxo (De Pascual-Teresa et al., 2002; Jing e 
Giusti, 2007; Li et al., 2008; Yang et al., 2008; Ahmed et al., 2011; Paucar-Menacho et 
al., 2017). 
III. Informações de extrações supercrítica de compostos bioativos de própolis verde e 
de própolis vermelha ainda são escassas na literatura, sobre tudo informações de 
fracionamento dos extratos utilizando o CO2 como anti-solvente, e que alguns 
trabalhos na literatura científica relatam extrações convencionais para própolis 
(Tylkowski et al., 2010; Zhang et al., 2011; Petelinc et al., 2013), mas poucos autores 
(Biscaia e Ferreira, 2009; Paviani et al., 2010) descreveram a utilização de tecnologia 
supercrítica. Além de obter diferentes composições nos extratos, a influência do 
método de extração pode conduzir a diferenças significativas nos rendimentos. 
A falta de informações apontadas nos item II e III, motivou a escolha deste 
estudo, fundamentado em conhecer o comportamento das matérias-primas nas 
diferentes extrações, em conhecer a magnitude da influência de solventes verdes 
(CO2, EtOH, H2O e EtOH-H2O ) no rendimento, no comportamento das curvas das 
cinéticas de extração e no teor de compostos bioativos das diferentes matérias-primas. 
 
1.3. OBJETIVOS  
1.4.1. Objetivo geral 
Estudar a extração de compostos fenólicos de milho roxo, de própolis verde e 
de própolis vermelha utilizando scCO2, EtOH, H2O e EtOH-H2O como solventes. 
Adicionalmente aplicar o CO2 como anti-solvente para fracionar extratos etanólicos ou 
hidroalcoólicos de própolis verde e de própolis vermelha. 
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1.4.2. Objetivos específicos 
 Caracterizar as diferentes partes do milho roxo (Zea mays L.) e construir 
curvas de extração em leito fixo a 50°C e 400 bar em um processo sequencial 
utilizando três diferentes solventes, dióxidos de carbono supercrítico (scCO2) 
em uma primeira etapa, EtOH em uma segunda etapa e H2O em uma terceira 
etapa; 
 Estudar o efeito da pressão e da temperatura utilizando o CCRD (Design 
Rotatable Composto Central) nos extratos de sabugo de milho roxo (Zea mays 
L.) utilizando scCO2, EtOH e H2O sequencialmente, na unidade de leito fixo; 
 Avaliar o efeito do EtOH, da H2O ou da mistura EtOH-H2O como co-solventes 
do scCO2 na extração dos compostos fenólicos do sabugo de milho roxo (Zea 
mays L.), utilizando CO2 + EtOH absoluto, CO2 + H2O, CO2 + EtOH-H2O (50:50, 
v/v), CO2 + EtOH-H2O (70:30, v/v) a 400 bar e 50 ° C; 
 Avaliar o efeito do etanol, água e etanol/água como co-solventes de scCO2 e 
solvente para PLE, SO e CV para obtenção de extratos de pericarpo de milho 
roxo (Zea mays L.), avaliando o rendimento de extração geral, fenólicos, 
flavonoides, antocianinas majoritárias, cor, atividade antioxidante e atividade 
antiproliferativa; 
 Obter extratos de própolis verde por processo convencional à pressão 
atmosférica e a alta pressão usando scCO2 como solvente, EtOH, H2O ou 
EtOH-H2O como solvente ou co-solvente; 
 Avaliar o fracionamento de extratos hidroalcóolicos de própolis verde usando 
CO2 como anti-solvente. Este processo envolve a remoção de componentes de 
alta massa molecular por precipitação, empregando quatro separadores em 
série para fracionamento, pela redução gradativa da pressão para 200, 100, 80 
bar e atmosférica na temperatura constante de 50 ºC; 
 Extrair os compostos da própolis vermelha em diferentes etapas, em uma 
etapa utilizando CO2 + EtOH-H2O (70:30, v/v), em duas etapas sequenciais 
utilizando CO2 seguido de EtOH-H2O (70:30, v/v) e em três etapas utilizando-se 
CO2 seguido do EtOH absoluto e por último com H2O, nas condições de 50 ºC  
e 250 bar, e para o fracionamento a 50 ºC e  diferentes pressões (200, 100, 80 
bar e atmosférica). 
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1.4. ESTRUTURA DA TESE 
A tese está dividida em 13 capítulos juntamente com o apêndice (Ap) e anexos 
(Ax) mostrados na Fig. 1.1, mais detalhes da parte experimental dos capítulos 3-9 se 
mostra na Fig. 1.2. 
 
Capítulo 1 - “Introdução, Justificativas, Objetivos e Estrutura da Tese” insere o 
leitor ao tema central desta tese, colocando, de forma sucinta, os pontos mais 
relevantes, os objetivos e as etapas envolvidas. 
Os esquemas apresentados nas Figs. 1.1 e 1.2. Destacam os principais itens que 
compreendem os capítulos apresentados nessa tese. As partes experimentais foram 
feitas em dois locais: no Laboratório de Extração, Termodinâmica aplicada e Equilíbrio 
(EXTRAE), faculdade de engenharia de alimentos (FEA) da universidade de Campinas 
(UNICAMP) onde foram feitas as extrações e as análises por espectrofotometria e no 
Centro Pluridisciplinar de Pesquisas Químicas, Biológicas e Agrícolas (CPQBA) da 
UNICAMP onde foram feitas as análises por HPLC. 
 
Capítulo 2 - “Revisão da literatura” contextualiza o leitor sobre o estado da arte 
referente a este trabalho de tese. Abordando temas dos compostos fenólicos, das 
matérias-primas: milho roxo, própolis verde e própolis vermelha, dos processos de 
extração usando tecnologias supercríticas, vaso agitado e soxhlet,  
 
Capítulo 3 - 1º artigo intitulado “Extraction of bio-compounds from cob and pericarp of 
corn purple (Zea mays L.) by sequential extraction in fixed bed extractor using 
supercritical CO2, ethanol and water as solvents”. Neste artigo são apresentadas as 
curvas cinéticas de extração das diferentes partes do milho roxo (sabugo, milho inteiro, 
milho triturado e pericarpo) para se poder selecionar as matrizes de maiores 
rendimentos globais, fixar o tempo de extração e a relação solvente/matéria-prima 
(S/F). As duas matrizes com maior rendimento foram o sabugo e o pericarpo que 
foram selecionadas e, fez-se triplicata de curvas de extração destas em um período de 
tempo pre-estabelecido. Cada ponto da curva de extração foi analisado quimicamente, 
exceto o extrato da primeira etapa com scCO2, devido ao seu baixo rendimento.  
 
Capitulo 4 – Com a matriz selecionada, avaliou-se a influência da temperatura e 
pressão nas extrações, surgindo o 2º artigo intitulado “Optimization of the extraction of 
phenolic compounds from purple corn cob (Zea mays L.) by sequential extraction using 
    Capítulo - 1- Introdução Geral, Justificativas,  Objetivos  e Estrutura            [ 31 ] 
 
 
supercritical carbon dioxide, ethanol and water as solvents”. Onde foi aplicado um 
delineamento estatístico para otimizar as variáveis de extração, pressão (bar) e 
temperatura (°C) sobre as respostas: Rendimento em cada etapa de extração, teor de 
antocianinas monoméricas totais, fenóis totais e flavonoides totais com seus 
respectivos rendimentos, atividade antioxidante por DPPH, cor e antocianinas 
especificas por HPLC.  
 
Capitulo 5 – Com a matriz vegetal e as condições estabelecidas de pressão e 
temperatura, procedeu-se o estudo da potencialidade do co-solvente surgindo o 3º 
artigo intitulado “Influence of ethanol, water, and their mixtures as co-solvents of the 
supercritical carbon dioxide in the extraction of phenolics from purple corn cob (Zea 
mays L.)”. O intuito foi avaliar a influência do EtOH, H2O e de uma mistura EtOH-H2O 
como co-solventes na extração com o dióxido de carbono supercrítico (scCO2). 
Evidenciando que a presença do co-solvente hidroalcoólico EtOH-H2O (70:30, v/v) foi 
essencial para a obtenção de extratos fenólicos concentrados. 
 
Capitulo 6 – Neste capitulo, comparou-se a extração por SFE e PLE com as 
condições estabelecidas nos capítulos anteriores, e extrações a baixas pressões por 
SO (Soxhlet) e SV (Vaso agitado), surgindo o 4º artigo intitulado “Purple corn (Zea 
mays L.) pericarp hydroalcoholic extracts obtained by conventional processes at 
atmospheric pressure and by processes of high pressure using ethanol-water mixture 
as solvent or as co-solvent of CO2”. No que diz respeito aos extratos hidroalcoólicos, o 
rendimento de extração geral e o conteúdo fenólico foi amplamente influenciado pelo 
uso do EtOH-H2O (70:30, v/v) como co-solvente do CO2 e como solvente para PLE, 
SO e SV. Os compostos fenólicos e a atividade antioxidante obtidos por PLE foram 
ligeramente inferiores aos obtidos por SFE. No entanto, uma vez que o processo de 
PLE é mais barato, mais rápido e tem as principais vantagens sobre o SFE 
(ambientalmente amigável a temperaturas moderadas), pode ser considerado como 
boa alternativa para a extração de compostos bioativos do milho roxo. 
 
Capitulo 7 – Nesse capitulo utilizou-se outra matéria-prima, a própolis verde, surgindo 
o 5º artigo intitulado “Brazilian green propolis extracts obtained by conventional 
processes and by processes at high pressure with suphbercritical carbon dioxide, 
ethanol and water”. Empregou-se processos convencionais com vaso agitado e 
Soxhlet e diferentes percentagem de etanol em água, que ajudaram a definir a 
percentagem a ser utilizada como co-solvente ou como solvente nas diferentes etapas 
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de extração para SFE e PLE respectivamente, demostrando que utilizando-se EtOH-
H2O (80:20, v/v) obtive-se altos teores de compostos fenólicos. 
 
Capitulo 8 - Nesse capitulo utilizou-se o scCO2 para fracionar os extratos da própolis 
verde, surgindo o 6º Artigo intitulado “Fractionation of ethanolic and hydroalcoholic 
extracts of green propolis using supercritical carbon dioxide as an antisolvent to obtain 
artepillin rich-extract”, onde são discutidos os resultados do fracionamento dos 
extratos obtidos com EtOH-H2O (80:20, v/v) e EtOH absoluto empregando-se quatro 
separadores em série pela redução da pressão (200, 100, 80 bar e atmosférica) a uma 
temperatura constante de 50 ºC. 
 
Capitulo 9 - Nesse capitulo utilizou-se outra matéria-prima, a própolis vermelha, 
surgindo o 7º Artigo intitulado “Sequential extraction of red propolis from the Brazilian 
Northeast and selective fractionation of ethanolic and hydroalcoholic extracts through 
supercritical carbon dioxide as anti-solvent”. Neste capitulo são discutidos os 
resultados das diferentes etapas de extração, em uma etapa utilizando CO2 + EtOH-
H2O (70:30, v/v), em duas etapas sequencias utilizando CO2 seguido de EtOH-H2O 
(70:30, v/v) e em três etapas utilizando CO2 seguido do EtOH absoluto e por último 
com H2O, nas condições de 50 ºC e 250 bar, e para o fracionamento a 50 ºC e 
diferentes pressões (200, 100, 80 bar e atmosférica). 
Capitulo 10 – Apresenta uma discussão geral dos principais resultados obtidos 
neste trabalho, no Capitulo 11 – Apresenta as conclusões gerais e sugestões para 
trabalhos futuros, onde são resumidos os principais resultados oriundos do 
desenvolvimento do projeto apresentado nessa tese e, são apresentadas algumas 
sugestões de pesquisas futuras. 
 
Capitulo 12 – Apresenta a memoria do Autor onde são listados os trabalhos científicos 
publicados em periódicos e em anais de eventos decorrentes do projeto, bem como as 
disciplinas cursadas e estágios de docência realizados e no Capitulo 13 – Apresenta 
uma lista com todas as referências utilizadas nesta tese. 
 
Apêndice - Encontram-se as informações das especificações de equipamentos e 
materiais utilizadas nesta tese, os protocolos das análises de densidade real, a 
granulometria do milho roxo, os esquemas das análises de fenóis totais e flavonoides 
totais, curva dos padrões para as análises de fenóis totais e flavonoides totais, 
esquema para a determinação dos compostos específicos por HPLC, esquema da   
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atividade antioxidante, as curvas e o valor de EC50 para alguns padrões na análise de 
atividade antioxidante, modelos de regressão empregados no calculo de CE50, 
esquema da atividade antimicrobiana e relação das linhagens tumorais humanas 
utilizadas no teste antiproliferativo e alguns dados das extrações supercríticas e nos 
Anexos são mostrados os comprovantes de publicação dos artigos. 
 
Fig. 1.1 – Esquema dos temas abordados nos capítulos desta tese. 
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Fig. 1.2 – Esquema da parte experimental desta tese 
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2.1. Compostos Fenólicos 
Os compostos fenólicos são definidos quimicamente como substâncias que 
possuem anel aromático com um ou mais substituintes hidroxílicos, incluindo seus grupos 
funcionais (Burns et al., 2001). Esses compostos são sintetizados a partir de duas rotas 
metabólicas principais: a via do ácido chiquímico e a via do ácido malônico Fig. 2.1 (Taiz 
e Zeiger 2006). 
 Na divisão dos compostos fenólicos, os flavonoides compreendem o maior grupo 
de pigmentos que são solúveis em água, sendo que a estrutura destes é apresentada na 
Tabela 2.1. (Cimpoiu, 2006). 
 
Fig. 2.1 – Tipos de compostos fenólicos. 
2.1.1. Flavonoides 
Os flavonoides são pigmentos naturais presentes nos vegetais que desempenham 
um papel fundamental na proteção contra agentes oxidantes, como por exemplo, os raios 
ultravioleta, a poluição ambiental, substâncias químicas presentes nos alimentos, entre 
outros. Atuam como agentes terapêuticos num elevado número de patologias, tais como 
arteriosclerose, câncer, entre outras (Passamonti et al., 2009). Devido ao fato de não 
poderem ser sintetizados pelo nosso organismo, sendo representativos da parte não 
energética da dieta humana, os flavonoides são obtidos através da ingestão de alimentos 
que os contenham. Exemplos de fontes de flavonoides são o milho roxo (Zea mays L.), a 
própolis verde e própolis vermelho.  
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Tabela 2.1 - Estruturas químicas de alguns compostos fenólicos. 
Grupos Compostos R1 R2 R3 Grupos Compostos R1 R2 R3 
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Os flavonoides apresentam uma estrutura química base C6-C3-C6 (dois anéis 
benzênicos – A e B – ligados através de um anel pirano – C (Fig. 2.2a) (Beecher, 
2003). Dependendo da substituição e do nível de oxidação no anel C (Erlund, 2004; El 
Gharras, 2009; Passamonti et al., 2009). O grau de oxidação e o padrão de 
substituição do anel C classificam os flavonoides e dentro destas classes e o padrão 
de substituição nos anéis A e B definem especificamente cada composto (Bravo, 1998; 
Manach et al., 2004). Estas substituições podem incluir oxigenação, alquilação, 
glicosilação, acilação e sulfatação. Os substituintes podem ser açúcares, tais a D-
galactose, a L-ramnose, a L-arabinose, a D-xilose e o ácido D-glucurônico (Erlund, 
2004), os quais são chamados de flavonoides heterosídeos. 
2.1.2. Antocianinas 
           O termo antocianina é de origem grega (anthos, flores, e kyanos, azul escuro). 
São o maior e mais importante grupo de pigmentos solúveis em água presentes na 
natureza. São responsáveis pelas cores em muitas flores, frutas e folhas de 
angiospermas. Esses pigmentos naturais são particularmente associados com as 
frutas vermelhas, mas também ocorrem em cereais, raízes, bulbos, tubérculos, 
vegetais e legumes (Bridle e Timberlake, 1997; Drossard et al., 2013; Paulaneyer et 
al., 2017). Em alimentos industrializados, as antocianinas são empregadas como 
corantes naturais. Entretanto, sua utilização ainda é restrita pela baixa estabilidade e 
fácil degradação, pois a sua cor é altamente afetada pelo pH, temperatura, presença 
de oxigênio, luz, enzimas e outras substâncias tais como açúcares, ácido ascórbico, 
íons metálicos, sulfatos entre outros, condições bastante comuns durante o 
processamento e estocagem de alimentos (Castaneda-Ovando et al., 2009; Wrolstad e 
Culver, 2012). As antocianinas são muito solúveis em água, sendo extraídas com 
facilidade a partir do uso de água, metanol e etanol (Lee e Hong, 1992; Zhang et al., 
2010). A estrutura geral da antocianina é derivada do cátion flavílio (Fig. 2.2b) (Jing e 
Giusti, 2007).  
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Fig. 2.2 – Estrutura geral dos flavonoides (a) e Estrutura do cátion flavílio (b). 
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2.2. Milho roxo (Zea mays L.) 
O milho é um tipo de cereal, que na maioria dos casos é amarelo, embora 
existam muitas variedades, algumas dessas apresentadas na Fig. 2.3 (Petroni et al., 
2014). O milho roxo (Zea mayz L.) como se mostra na Fig. 2.4, tem sido cultivado na 
América do sul, principalmente no Peru e na Bolívia, apresentando uma pigmentação 
roxa tanto no sabugo como no pericarpo dos grãos, que é devido à grande quantidade 
de antocianinas presentes no grão, despertando o interesse da indústria de alimentos, 
pois poderia servir como fonte de alternativa aos corantes sintéticos (Lao et al., 2017).  
 
Linhagens 
de milho 
b
c
d
e
f
a
 
Fig. 2.3 – Tipos de milho (Zea mays) em classes específicas de flavonoides. Sementes de 
milho com altos níveis de antocianinas no pericarpo (a) e (c), com altos níveis de ácidos 
hidroxicinâmicos (b), flobafenos (d), flavonóis (e) e pelargonidina (f) 
 
 
Fig. 2.4 – Sementes, sabugo e pericarpo do milho roxo (Zea mays L.) do Peru. 
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No Peru é chamado como “maiz morado” tem sido usado normalmente para a 
preparação de “chicha morada”, suco bebido no dia a dia, assim como da “mazamorra 
morada”, sobremesa tradicional na gastronomia Peruana (Ramos-Escudero, Munoz, et 
al., 2012). 
O milho roxo é uma importante fonte de antocianinas (De Pascual-Teresa et al., 
2002; Jing et al., 2007; Pedreschi e Cisneros-Zevallos, 2007; Li et al., 2008; Yang et 
al., 2009), de flavonoides (Gonzalez-Manzano et al., 2008) e de ácidos fenólicos 
(Sosulski et al., 1982; Pedreschi e Cisneros-Zevallos, 2007) como é apresentado na 
Fig. 2.5. 
 
 
Fig. 2.5 – Composição química parcial do milho roxo (Zea mays L.) 
 
Recentemente, as antocianinas do milho roxo foram referidas como tendo 
diferentes atividades biológicas como: antioxidante (Lieberman, 2007; Yang e Zhai, 
2010; Nayak et al., 2011; Hosoda et al., 2012; Ramos-Escudero, Gonzalez-Miret, et 
al., 2012; Ramos-Escudero, Munoz, et al., 2012; Salinas-Moreno et al., 2012; Zhu et 
al., 2014; Villasante et al., 2015), antiproliferativa (Urias-Lugo et al., 2015), antidiabetes 
(Kang e Kang, 2012; Kang et al., 2012; Li et al., 2012; Kang e Kang, 2013; 
Thiraphatthanavong et al., 2014; Huang et al., 2015), atua em câncer de próstata 
(Long et al., 2013), em câncer de mama (Fukamachi et al., 2008), em câncer de 
colorretal (Hagiwara et al., 2001), na hipertensão (Shindo et al., 2007), atividade 
antimutagênica (Pedreschi e Cisneros-Zevallos, 2006) e prevenção contra a obesidade 
(Tsuda et al., 2003). 
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2.3. Própolis verde e própolis vermelha  
 
Própolis (CAS N° 9009-62-5) é um material resinoso de consistência viscosa. 
As abelhas coletam a matéria-prima de diversas partes de plantas como brotos, 
botões florais, cascas e exsudados de árvores, levam para o interior da colmeia, 
adicionam secreções salivares e cera e transformam-na em própolis, cuja composição 
é um reflexo direto da flora vegetal da qual se servem as abelhas (Marcucci, 1995; 
Burdock, 1998; Russo et al., 2002; Bonamigo, Campos, Alfredo, et al., 2017).  
É um produto natural bem conhecido da medicina tradicional, cuja atividade 
biológica é atribuída principalmente aos compostos fenólicos, cuja ocorrência é de 
aproximadamente 50%, possuindo uma composição complexa na resina (Fig. 2.6) 
(Marcucci, 1995). A resina contida na própolis é coletada da vegetação que fica em 
torno da colmeia como os arbustos de Baccharis dracunculifolia DC. para produzir a 
própolis verde (Martini et al., 2017) e de provável origem botânica da espécie 
Dalbergia ecastophyllum (L.) Taub para produzir a própolis vermelha (Fig. 2.7). O voo 
de uma abelha abrange um raio de cerca de 3 km em torno da colmeia, de onde as 
abelhas coletam pólen e néctar para alimentação, bem como a resina para a produção 
da própolis.  
 
Fig. 2.6 – Composição da própolis e os compostos identificados na resina de própolis 
 
Fig. 2.7 – Própolis verde triturada (a) e propolis vermelha triturada (b).
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Os estudos sobre própolis do Brasil coletados de diferentes regiões geográficas 
e espécies de abelhas são de grande importância porque esses elementos afetam a 
composição química e, consequentemente, as propriedades biológicas da própolis 
(Bonamigo, Campos, Oliveira, et al., 2017; Ferreira et al., 2017). 
 
Park et al (2002), Estudaram as própolis do Brasil e as agruparam de acordo 
com a composição química e atividades farmacológicas, nesse estudo, 500 amostras 
de própolis foram coletadas de diferentes regiões do Brasil, sendo classificadas em 12 
grupos, nos últimos anos encontraram outro tipo de própolis vermelha que foi 
classificada como grupo 13 devido a sua intensa coloração. 
 
Para Marcucci et al (2000) a quimiometria mostrou-se bastante eficiente para 
descobrir relacionamentos entre composição química de uma amostra e sua origem 
geográfica. Quarenta amostras de própolis originadas do Sul e do Sudeste do Brasil 
foram analisadas por HPLC e foram estudados 18 compostos. A Análise de 
Componentes Principais (PCA) indicou três grupos diferentes de amostras de própolis, 
com o mesmo cromatograma típico avaliadas por HPLC. Os três grupos principais são: 
própolis verde BRP / SP / MG dos estados de São Paulo e Minas Gerais, própolis 
verde BRP / PR do estado do Paraná e própolis marrom BRG dos estados do sul do 
Brasil (Marcucci, 2008). 
 
Algumas das estruturas químicas dos compostos encontrados por diferentes 
pesquisados (Park et al., 2004; Salatino et al., 2005; Marcucci, 2006; Paviani et al., 
2012; Paula et al., 2017), são mostrados da Fig. 2.8.  
 
 
 
Fig. 2.8 – Alguns compostos químicos identificados em própolis verde Brasileiras. 
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O maior grupo de compostos isolados da própolis são os flavonoides, 
encontrados em todas as partes do reino vegetal, os quais, junto com os ácidos 
carboxílicos modificados, são componentes estratégicos, pois são responsáveis pela 
bioatividade (Burdock, 1998), possuindo várias atividades biológicas in vitro e in vivo 
demostrando efeitos regenerativos (Scheller et al., 1977; Bretz et al., 1998; 
Kuropatnicki, Szliszka, Klosek, et al., 2013), atividade anti-inflamatória (Naito et al., 
2007; Ramos e Miranda, 2007; Kuropatnicki, Szliszka e Krol, 2013; Wang et al., 2014; 
Armutcu et al., 2015; Campos et al., 2015; Valenzuela-Barra et al., 2015), 
antimicrobiana (Ferreira et al., 2000; Velikova et al., 2000; Ferreira et al., 2007; Al-Waili 
et al., 2012; Ewnetu et al., 2013; Kuropatnicki, Szliszka, Klosek, et al., 2013; 
Kuropatnicki, Szliszka e Krol, 2013; Falcao et al., 2014; Fernandes et al., 2014; Ali et 
al., 2015; Campos et al., 2015; Veiga et al., 2017), antibacteriana (Eley, 1999; Bueno-
Silva et al., 2017), de antifúngica (Dota et al., 2011; Koc et al., 2011; Puttamayutanon 
et al., 2012; Kuropatnicki, Szliszka e Krol, 2013; Falcao et al., 2014; Fernandes et al., 
2014), antiviral (Schnitzler et al., 2010; Miguel et al., 2013; Silva-Carvalho et al., 2014), 
imunomoduladora (Araujo et al., 2012), antisséptica (Kuropatnicki, Szliszka e Krol, 
2013), antiproliferativa (Schnitzler et al., 2010; Borges et al., 2011; Umthong et al., 
2011; Teerasripreecha et al., 2012), antioxidante  (Hatano et al., 2012; Veiga et al., 
2017), antitumoral  (Orsolic e Basic, 2005; Yang et al., 2013; Xuan et al., 2014),  
potencial alergênico (Hausen et al., 1987; Aliboni et al., 2011), anticâncer de próstata  
(Li et al., 2007; Moraes et al., 2010), anticâncer de colón (Chen et al., 2009), 
anticâncer de laringe (Bufalo et al., 2009), insuficiência renal (Valente et al., 2011), 
como cicatrizante (De Albuquerque et al., 2009), com propriedades bioativas (Luis-
Villaroya et al., 2015), para a preservação dos alimentos (Vargas-Sanchez et al., 
2013), para o cuidado da carie dental (Jeon et al., 2011; Kashi et al., 2011; Pereira et 
al., 2011; Tanasiewicz et al., 2012), para tratamentos de alergias (Aliboni et al., 2011), 
entre outros (Bhadauria et al., 2008). Em muitos tipos de própolis brasileiras, são 
encontrados poucos flavonoides e muitos ácidos aromáticos derivados do p-cumárico 
(Veiga et al, 2017). 
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2.4. Técnicas para a extração de compostos bioativos 
 
O uso de compostos bioativos em diferentes setores comerciais, como 
indústrias farmacêuticas, alimentícias e químicas apresenta a necessidade de 
métodos adequados e padronizados para se extrair componentes ativos a partir de 
materiais vegetais (Azmir et al., 2013). Considerando-se as grandes variações entre os 
compostos bioativos e o grande número de espécies de matérias primas, Azmir et al 
(2013) construíram uma abordagem integrada Fig. 2.9, onde o método de extração é 
uma das etapas principais para obter extratos ricos em compostos bioativos.  
 
Revisão da literatura e resultados científicos
Ensaios preliminares
Autenticação de dados para a sua validade 
e abrangência
Decisão quanto à necessidade de testes
Extração
Coleção de amostra 
Análise de conteúdos elementares
Seleção de teste biológico adequado
Desenvolver protocolo para teste biológico
Analisar a atividade biológica in vitro
Determinar o tipo e nível de atividade 
biológica
Realizar estudos humanos
Desenvolvimento apropriado do sistema de 
aplicação de doses
Aplicação de doses
Análise de custo-eficácia
Produção industrial sustentável
Seleção da 
matéria prima
Preparação da 
matéria prima e 
análise 
elementar
Testes 
biológicos
Análise 
in vivo
Comercia-
lização
Usar várias técnicas de 
extração
Comparar a seletividade 
e rendimento dos 
extratos
Utilizar modelo animal para análise 
Desenvolver protocolo para teste in vivo
Bioatividade dos compostos ativos
PDSA
              P: Planejar
              D: Fazer
              S: Estudar
              A: Agir
 
Fig. 2.9 - Diagrama da abordagem para o estudo  de diferentes matérias primas - adaptado de 
(Azmir et al., 2013). 
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Numerosos métodos novos têm sido estabelecidos a altas e baixas pressões, 
mas até agora nenhum é considerado como padrão para extrair compostos bioativos. 
Podem ser citados os métodos de extração utilizando-se solventes orgânicos, H2O, 
EtOH e scCO2 como solventes. No geral, a escolha do método está relacionada a 
diversos fatores como: polaridade do solvente, natureza química do composto bioativo, 
rendimento, temperatura, solubilidade, tempo de extração, custos, entre outros 
(Greibrokk, 1995; Azmir et al., 2013; Khoddami et al., 2013).  
2.4.1. Extração com fluidos supercríticos 
Tem-se utilizado o dióxido de carbono para a extração supercrítica de produtos 
naturais (Reverchon e Osseo, 1994), por ser um solvente GRAS, que produz extratos 
e resíduos limpos (Uquiche et al., 2004; Brunner, 2005). Além disso, o scCO2 
apresenta propriedades físicas propícias à extração Fig. 2.10, como alta 
compressibilidade, densidade semelhante à dos líquidos, alta difusividade, baixa 
viscosidade e tensão superficial, propriedades que favorecem a penetração e 
transporte do fluido supercrítico na matriz vegetal, quando comparado com processos 
convencionais.   
 
Fig. 2.10 - Diagrama de fase pressão-temperatura do dióxido de carbono, PT (Ponto triplo) e 
PC (Ponto crítico), adaptado de Sandler (1999). 
 
O dióxido de carbono por ser apolar, dissolve preferencialmente compostos 
apolares, entretanto substâncias polares também podem ser extraídas com scCO2. Da 
mesma maneira que a densidade, as propriedades de transporte como difusividade e 
viscosidade também são dependentes da temperatura e pressão, onde as variações 
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são mais pronunciadas em regiões próximas ao ponto crítico (PC). Valores 
característicos de densidade, difusividade e viscosidade para os estados de vapor, de 
líquido e supercrítico estão dispostos na Tabela 2.2 (Brunner, 2005) e na Tabela 2.3 
apresentam se os parâmetros que influenciam na extração com fluidos supercríticos.  
 
Tabela 2.2 - Valores característicos de gases, líquidos e fluidos supercríticos. 
Estado do fluido Densidade (g/cm³) Difusividade (cm²/s) Viscosidade (g/cm.s) 
Gás 
P = 1atm; T = 15-30°C (0,6-2,0) x 10
-3
 0,1-0,4 (0,6-2,0) x 10
-4
 
Líquido 
P = 1atm; T = 15-30°C 0,6-1,6 (0,2-2,0) x 10
-5
 (0,2-3,0) x 10
-2
 
Fluido Supercrítico 
Pc; Tc  0,2-0,5 0,7 x 10
-3
 (1-3) x 10
-4
 
4 x Pc; Tc 0,4-0,9 0,2 x 10
-3
 (3-9) x 10
-4
 
 
Tabela 2.3 - Parâmetros do processo SFE e seus principais efeitos da extração 
Parâmetros 
do processo 
  Efeito sobre o processo de estação 
 Referência 
 
Temperatura 
 
O aumento de temperatura, melhora a transferência de massa.  
 (Brunner, 2005; 
Ghafoor et al., 2010) 
Pressão 
 
O aumento da pressão aumenta o poder de solvatação do 
solvente devido ao aumento da densidade.  
 
 (Ghafoor et al., 
2010; Santos et al., 
2012) 
Geometria do 
extrator  
A geometria do leito desempenha um papel importante na 
cinética de SFE, isto é, na forma da curva de extração geral. 
Dependendo do diâmetro e da altura do leito e a razão entre 
(S/F) afeta a cinética, outros fatores como a porosidade do 
leito, a temperatura do processo e a pressão e o pré-
tratamento da matriz também afeta a cinética de extração.  
 (Zabot, Moraes e 
Meireles, 2014; 
Zabot, Moraes, 
Petenate, et al., 
2014) 
 
O tamanho 
médio de 
partículas 
 
O tamanho de partícula aumenta a área de transferência de 
massa; no entanto, também aumenta o grau de compactação 
do leito. O uso de partículas maiores reduz a área de 
transferência de massa. Por outro, lado a alta compactação 
pode promover a redução da passagem de solvente.  
 
 (Asghari e 
Esmaeilzadeh, 2012; 
Tien et al., 2012; 
Zabot, Moraes, 
Petenate, et al., 
2014) 
Tempo de 
extração  
O tempo do processo depende das características da matriz e 
da taxa de fluxo de solvente.  
 
 (Pourmortazavi et 
al., 2014; Zabot, 
Moraes, Petenate, et 
al., 2014) 
Taxa de fluxo 
de solvente  
A razão de massa do soluto na fase supercrítica na saída do 
vaso de extração (Y) aumenta com o aumento do fluxo de 
solvente até um valor máximo seguido de uma diminuição 
. 
 (Zabot, Moraes, 
Petenate, et al., 
2014) 
 
Co-solvente   
Algumas substâncias têm uma solubilidade limitada ou são 
insolúveis em dióxido de carbono. Portanto, um co-solvente 
pode ser necessário; a fim de manter SFE como uma 
tecnologia verde o co-solvente pode ser EtOH ou H2O. 
 (Reverchon et al., 
2008; Da Porto et 
al., 2014; Zulkafli et 
al., 2014) 
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2.4.2. Extração com líquidos pressurizados  
A extração com líquido pressurizado (PLE - pressurized liquid extraction) 
baseia-se na utilização de solventes orgânicos os quais são submetidos à alta 
temperatura e pressão a fim de extrair determinados compostos de matrizes sólidas ou 
semissólidas em um curto tempo e com a utilização de pequena quantidade de 
solvente (Debien et al., 2015; Barba et al., 2016).  
A principal vantagem deste método de extração consiste na utilização de 
temperaturas acima do ponto de ebulição (80 a 200 °C) dos solventes os quais são 
pressurizados normalmente a 10,4 MPa (1500 psi) de forma a serem mantidos no 
estado líquido (Wijngaard et al., 2012). Os altos valores de temperatura aumentam a 
solubilidade, taxa de difusão e transferência de massa enquanto os valores de 
viscosidade e tensão superficial do solvente são menores do que aqueles à 
temperatura ambiente. Além disso, à altas temperaturas, a energia de ativação de 
dessorção é superada mais facilmente e as cinéticas de dessorção e solubilização são 
mais favoráveis (Hu et al., 2011; Cardenas-Toro et al., 2015; Garcia-Mendoza et al., 
2015). Em adição, este método de extração, assim como a tecnologia supercrítica, 
utiliza ambiente livre de oxigênio e luz o que tem promovido sua ampla utilização na 
extração de compostos bioativos (Gonzalez-Coloma et al., 2012; Azmir et al., 2013).  
 
2.4.3. Extração convencional  
As técnicas de extração convencional como vaso agitado (SV) e Soxhlet para a 
extração de compostos bioativos em alguns casos são realizados para fins 
comparativos (Farias-Campomanes et al., 2013; Alexandre et al., 2017). 
A extração com vaso agitado (SV) é usada geralmente numa pequena escala, 
onde a matéria prima é misturada com o solvente numa proporção adequada seguida 
de agitação normalmente a 150 rpm a uma temperatura constante, que são definidas 
avaliando-se a matéria prima; esta técnica de extração facilita o aumentando a difusão 
e removem a solução concentrada da superfície da amostra (Farias-Campomanes et 
al., 2013). 
A extração utilizando o Soxhlet extrator Fig. 2.11 foi proposta pela primeira vez 
pelo químico alemão Franz Ritter Von Soxhlet (1879). Foi projetada principalmente 
para extração de lipídios, mas atualmente não é limitada para esse fim. A extração de 
Soxhlet foi amplamente utilizada para extrair compostos bioativos de várias fontes 
naturais (Bimakr et al., 2011; Alexandre et al., 2017).  
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Fig. 2.11 - Esquema da extração por Soxlhet  
 
É usado como modelo para a comparação de novas alternativas de extração. 
Geralmente, uma pequena quantidade de amostra seca é colocada em um dedal. Este 
é então colocado num balão de destilação que contém o solvente de particular de 
interesse. Depois de atingir um nível de transbordamento, a solução do dedal é 
aspirada por um sifão. O sifão descarrega a solução de volta para o balão de 
destilação. Esta solução traz solutos extraídos no líquido a granel. O solvente 
permanece no balão de destilação e o solvente passa para o leito sólido da planta. O 
processo ocorre repetidamente até a extração ser concluída. A grande vantagem 
desta técnica é a redução do volume de solvente gasto já que ele se renova a cada 
ciclo de destilação.(Mirzapour et al., 2012; Schons et al., 2017) 
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a  b  s  t  r  a  c  t
Purple  corn  (Zea  mays  L.)  is  traditionally  used  in  Peru  in  the preparation  of  desserts  and juices.  Purple
corn  cob  and  kernel  extracts  have  intense  color  and  are  rich  in  anthocyanins  and phenolic  compounds.
Purple  corn  cob,  whole  grain,  ground  grain,  and  pericarp  extracts  were  obtained  by  supercritical  fluid
technology  in  a  fixed  bed  at 50 ◦C  and  400  bar in  a sequential  extraction  process  using supercritical  carbon
dioxide  (scCO2) as a solvent  in the first step,  ethanol  in  a second  step,  and  water  in a third  step,  in order
to  determine  the  composition  of  the extracts.  The  curves  from  the  initial  extraction  kinetics  of  each  raw
material  were  used  to  determine  the  best  overall  yield  and  extraction  time.  The  two  matrices  with  higher
yield  (cob  and pericarp)  were  selected  and  triplicate  extraction  curves  of  these  matrices  were  performed
in  a predetermined  period  of time.  Each  point  of the  extraction  curve  was chemically  analyzed,  except
the  extract  from  the  scCO2 extraction,  due  to  its low  yield.  The  extracts  were  characterized  for  yield,
total  monomeric  anthocyanins  by  differential  pH, total phenolics,  total flavonoids,  major  anthocyanins
by  HPLC,  and  antioxidant  activity  by DPPH.  Color  measurements  of the purple  corn  pericarp  extracts
were  performed  by  the  CIEL*  a* b* system.  Overall,  the  aqueous  extraction  presented  the  best overall
mass  yield,  higher  yield  of  the  components  monitored  analytically,  and  higher  antioxidant  activity,  while
the  ethanol  extracts  were  more  concentrated  only  in anthocyanins.
©  2015  Elsevier  B.V.  All  rights  reserved.
1. Introduction
In recent decades, the use of natural products and the interest
in anthocyanin pigments has increased due to its use as natural
colorant and antioxidant agent. In addition to being an alternative
as a substitute for synthetic antioxidants, its inhibitory action on
free radicals is related to health benefits, presenting important role
within the context of functional foods [1].
Anthocyanins are a class of polyphenols responsible for the
orange, red, purple, and blue color of many fruits, vegetables,
grains, flowers, and other plants [2,3]. Besides its coloring and
dyeing capacity, several biological activities have been attributed
to anthocyanins as anticarcinogenic [4,5], antioxidant [6,7]), and
anti-inflammatory effects [7]. Also, such compounds may  act in the
inhibition of oxidative and inflammatory enzymes, demonstrating
anti-allergenic, antiviral, bactericidal, fungicidal, anti-tumor and
anti-hemorrhagic activities [8]. Anthocyanins are often responsible
∗ Corresponding author.
E-mail address: cabral@fea.unicamp.br (F.A. Cabral).
for the phenolics content of colorful fruits and vegetables, and in
general, flavanols, procyanidins, phenolic acids, and ellagitannins
are the most prevalent phenolic compounds [8], thus various
new applications and methods for fruit processing should be
developed to minimize losses, generating income and promoting
the sustainable use of these biomes [9].
Purple corn (Zea mays L.) dates from the pre-Inca period,
and predominates in the Andes of Peru. It presents very intense
purple color due to the large amount of anthocyanins [10,11].
Studies have demonstrated significant levels of phenolic com-
pounds such as tannins, phenolic acids, and other bioactive
compounds with beneficial effect in the body when consumed
frequently, preventing cellular degeneration or mutation and
thus the onset of diseases such as heart failure, hypertension,
obesity, colon, esophagus, lung, liver, breast, and skin cancer,
cerebral vascular disease, rupture of aneurysm, and renal lesions
[6,7,12]. Several authors have reported different anthocyanin levels
in this type of raw material, for example, 7.54 mg  cyanidin-3-
glycoside/g in purple corn extracts from Thailand and Bolivia
[13,14], 7.21 mg/g reported in Mexico, and 3.07 mg/g in the United
States [15].
http://dx.doi.org/10.1016/j.supflu.2015.09.020
0896-8446/© 2015 Elsevier B.V. All rights reserved.
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Despite conventional methods have been often used to extract
anthocyanins, new technologies have been studied in an attempt to
achieve process with better economic and environmental charac-
teristics, ensuring greater sustainability, safety, and quality of the
products [16]. The supercritical fluid extraction (SFE) has consider-
able advantages over the conventional extraction methods [17].
However,  as the supercritical CO2 extraction is restricted to the
extraction of nonpolar and/or low polarity compounds, ethanol and
aqueous extracts are good alternatives, due to their greater polarity
when compared to CO2 and no restrictions imposed on their usage.
Whereas CO2 is inert and non-toxic, it produces clean extracts and
residues when applied to foods and drugs.
In this context, the aim of this study was to obtain extracts from
different matrices (cobs, whole grain, ground corn, and pericarp)
of purple corn (Z. mays L.) originating in Peru, through a combi-
nation of extraction processes in three steps, using the following
solvents as called “GRAS” (Generally recognized as safe): scCO2
(first step), ethanol (second step), and water (third step). Sam-
ples were collected at each point of the curve and characterized
for total monomeric anthocyanin content, total phenolics, total
flavonoids, and antioxidant activity measured by the DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay, besides confirming the identity
and quantifying the majority anthocyanins by HPLC, and color mea-
surements using CIEL* a* b* system.
2. Materials and methods
2.1.  Characterization of the plant matrix
Purple corn cob and grains (Z. mays L) were acquired in the
Peruvian market, coming from the city of Arequipa, cultivated from
August to November. Pericarp was obtained by manual separation
of grains. Samples (cob, whole grain, and pericarp) were ground in
a Wiley mill (MA-340 model, Marconi, Brazil) and classified accord-
ing to size, using vibrating screens (Tyler sieve series, Bertel, Brazil)
with sieve sizes of 8, 12, 16, 24, 32, 48, 60, and 80 mesh for 15 min.
Four matrices were selected (cobs, whole corn, ground corn, and
pericarp). The samples were packaged in plastic bags, wrapped in
aluminum paper and stored in a freezer (model 220, Consul, Brasil)
at −18 ◦C.
The moisture content of the fresh raw material was determined
by gravimetric method [18] and AOCS Ca 23-55 method [19] known
as Karl-Fisher (Metrohm 701 KF Titrino equipped with oven 832
KF Thermoprep). Real density was determined at 25 ◦C by helium
gas pycnometry (automatic Quantachrome pycnometer Ultrapyc
1200e). The mean particle diameter was calculated from the aver-
age of the fractions retained on a series of Tyler sieves with sizes
ranging from 12 to 80 mesh, according to the ASAE procedure [20].
2.2. Chemicals
The following reagents were used in the extraction process:
CO2 purchased from White Martins Industrial (Campinas, Brasil,
lot 113C/12) with purity of 99.5%; ethanol (99.8%, v/v) from Êxodo
(Brasil lot AE8828RA); ultrapure water obtained from a Milli-
Q system (Millipore Corporation, USA). Hydrochloric acid (HCl)
(>99.5% Ecibra, Santo Amaro, Brazil); potassium chloride (KCl)
(PA-ACS, Synth, lot 116500, Diadema, São Paulo, Brazil); Sodium
acetate (NaC2H3O2) (PA-ACS, Ecibra, lot 17714, Santo Amaro,
São Paulo, Brazil); sodium carbonate (99.5%, w/w) and sodium
hydroxide (95.0%, w/w) (Êxodo, Brazil); Folin-Ciocalteau from
Dinâmica (Brazil); hydrated aluminum chloride (99.0%, w/w)  and
sodium nitrite (97.0%, w/w) from Ecibra (Brazil); gallic acid (99.0%,
w/w) from Vetec (Brazil); (+) – catechin hydrate (98.0%, w/w),
and 1,1-diphenyl-2-picrilhidrazyl (DPPH) from Sigma–Aldrich,
and  3 standards: cyanidin-3-glycoside, pelargonidin-3-glycoside
and peonidin-3-glucoside (>99,9%, Extrasynthèse, lot 09011533,
Sigma).
2.3. Three-step sequential extraction in fixed bed
The sequential extraction experiments were performed in an
experimental unit as shown in Fig. 1 whose methodology has been
discussed in detail elsewhere [21–23].
2.4. Extraction procedures
The  different raw materials were subjected to sequential extrac-
tion in a fixed bed extractor at 50 ◦C and 400 bar as shown in
Figs. 1 and 2, using scCO2 (first step), ethanol (second step), and
water (third step) as solvents. In the first step with scCO2, the aver-
age solvent flow rate was  1.65 g/min. In the second step, the residue
from the first extraction was  subjected to a further extraction under
the same operating conditions, using ethanol as solvent at a flow
rate of 0.5 mL/min (0.395 g/min). The residue from the supercriti-
cal and ethanol extraction was  subjected to a third extraction with
water at a flow rate of 0.5 mL/min (0.5 g/min). For all steps, the
process was  only interrupted when the extract mass was negligible.
Based on the yield curves, new extraction curves (in triplicate)
of the cobs and pericarp were subjected to sequential extraction
at predetermined times for each step. In the first step with scCO2,
the time was  defined as 90 min  and 100 min  for cob and pericarp
respectively; in the second step with ethanol, the process time
was 150 min  and 220 min, respectively; and in the last step with
water, the time was established in 150 min  and 220 min. The total
extraction period was 390 min  and 480 min  for cob and pericarp,
respectively.
To remove the ethanol from the extracts, the samples were dried
in a rotaevaporator (Marconi, MA-120, Brazil) coupled to a bath
at 40 ◦C under vacuum of 700 mmHg, and then placed in a vac-
uum oven (Marconi, MA  030-12, Brazil) at 40 ◦C under vacuum of
525 mmHg  (Marconi pump, MA  057-13, Brazil) until obtaining a
dry extract. The water was removed from the aqueous extracts by
freeze drying. The samples were stored in penicillin-type 50 mL
vials, sealed and kept under refrigeration for later analysis.
2.5.  Composition of the extracts
The extracts were characterized for total monomeric antho-
cyanins (TMA), total phenolics (TP), total flavonoids (TF),
antioxidant activity by DPPH (in terms of EC50), and color mea-
surements of the pericarp extracts.
2.5.1. Anthocyanins quantification by pH differential method
The  TMA  quantification was  measured by the pH differential
method [6]. The measurements were determined at their maxima
in the visible region at 510 nm and 700 nm, using spectrophotome-
ter (UV-VIS lambda 40, Perkin Elmer, USA). The absorbance was
calculated according to Eq. (1).
A = (A max − A700 nm)pH 1.0 − (A max − A700 nm)pH 4.5 (1)
The  concentration of monomeric anthocyanin pigments was  cal-
culated and expressed as cyanidin-3-glucoside per gram of extract
(mg CGE/g extract) according to Eq. (2)
TMA = A × MM × DF
ε × b (2)
where  TMA = monomeric anthocyanin concentration (g/L);
A = absorbance calculated by Eq. (1); MM = molar mass of cyanidin-
3-glucoside (449.2 g/mol); ε = molar absorption coefficient of
cyanidin-3-glucoside (26.900 L/cm mg); DF = dilution factor;
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Fig. 1. Supercritical extraction apparatus.
b = optical path length of the cuvette in the spectrophotometer
(cm).
2.5.2. Total phenolics and total flavonoids
Total phenolics content was determined by the Folin-Ciocalteu
reagent according to Singleton et al. [24], and expressed as gallic
acid equivalents (mg  GAE/g extract). Absorbance was measured at
750 nm in spectrophotometer (UV-VIS lambda 40, Perkin Elmer,
USA), and the results were calculated using a standard curve of gal-
lic acid (0–125 mg/L). The analyses were carried out in triplicate.
Total flavonoids were determined as described by Jia et al. [25],
and the results were expressed as catechin equivalents (mg  CE/g
extract). Absorbance was measured at 510 nm in spectrophotome-
ter (UV-VIS lambda 40, Perkin Elmer, USA), and the results were
calculated  using a standard curve of catechin (0–125 mg/L). The
analyses were carried out in triplicate.
2.6. Antioxidant activity (DPPH assay)
The antioxidant activity was determined according to the
procedure described by Mensor et al. [26] using the 1,1-difenil-
2-picrilhidrazyl (DPPH) reagent. Starting from the stock solution
(1 mg  dried extract/mL ethanol) solutions with final concentrations
of 5–250 g/mL were prepared. Aliquots of 5 mL  of each extract
solution were transferred to test tubes protected from the light.
Two milliliters of a recently prepared ethanolic solution of DPPH
(0.3 mM)  (Sigma–Aldrich Chemie, Alemanha, S4869-348) were
added to each tube, and the mixture was  stirred and left to react
Fig. 2. Experimental scheme of the three-step sequential extraction in fixed bed. First step: supercritical extract; second step: ethanol extract after supercritical extraction;
and third step: aqueous extract after ethanol extraction. The solvent flow was adjusted to 25 ◦C and 0.93 bar, and the densities in these conditions were:  (CO2) = 1.65 g/L, 
(ethanol)  = 0.79 g/mL and  (water) = 1.0 g/mL.
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Table  1
Characterization of the raw materials.
Property Purple corn (Zea mays L.)
Cob Whole grain Ground grain Pericarp
Volatiles + moisture (%VU) 6.35 ± 0.01 7.5 ± 0.4 9.2 ± 0.7 15.4 ± 1.4
Moisture  (%U) 4.2 ± 0.5 – 8.1 ± 0.2 12.1 ± 2.5
dmg (mm) 0.52 ± 0.04 – 0.44 ± 0.06 0.50a
r (g/cm3) 1.40  ± 0.01 – – 1.37 ± 0.01
a (g/cm3) 0.344 ± 0.001 0.64 ± 0.01 0.51 ± 0.02 0.386 ± 0.006
ε  0.754 ± 0.006 – – 0.718 ± 0.006
dmg: mean particle diameter; ε: porosity; r and a: real and apparent densities, respectively.
a Only one measure.
for 30 min  at room temperature. Then, the absorbance (Abssample)
was measured at 517 nm in a spectrophotometer (UV-VIS lambda
40, Perkin Elmer, EUA). The blank was prepared by mixing 2 mL
ethanol and 5 mL  extract and the negative control by mixing 2 mL
DPPH solution and 5 mL  ethanol. The absorbance of both solu-
tions was measured at the same wavelength (Absblank, Abscontrol).
The spectrophotometer was calibrated to zero absorbance using
ethanol (99.5%) and gallic acid as the positive control (standard).
The antioxidant activity (AA) was calculated according to Eq. (3)
AA (%) = Acontrol − (Asample − Ablank)
Acontrol
× 100 (3)
The  antioxidant activity can be expressed as effective concen-
tration (EC50g/mL) that determines the extract concentration
responsible for a 50% decrease in the initial activity of the DPPH.
The lower the EC50 value, the higher the antioxidant activity of
the extract is. EC50 was calculated by linear and non-linear regres-
sion of the AA (%) curves obtained for all extract concentrations
(5–250 g/mL).
2.7.  Color measurements
The  color of the extracts was measured by spectrophotometer
Ultra ScanVis Hunter Lab (Riston, Virginia, USA) using the CIELAB
coordinates (L*, a* and b*) [27]. The cylindrical coordinates Cab *
(chroma) and hab (Hue angle) were calculated from the parameters
L*, a*, and b*, which define the intensity and tone of the samples,
according to Eqs. (3) and (4) respectively.
C∗ab =
√
(a∗)2 + (b∗)2 (4)
hab = arctan(b∗a∗) (5)
2.8.  High performance liquid chromatography – HPLC for the
specific  anthocyanins
The  analysis was performed in a chromatographic system LC-
DAD Waters Alliance composed of Waters 2695 pump, Waters 2996
detector and Empower software. Chromatographic separations
were performed using a reverse phase column C-18 Waters Nova-
Pak (150 mm × 3.9 mm,  44 m,  with pre-column). The mobile
phase comprised a mixture of 10% acetic acid (A) and methanol (B),
at a flow rate of 0.5 mL/min. The elution gradient was 0–15 min,
92–75% A and 8–25% B. The operation conditions were: col-
umn temperature 30 ◦C, injection volume 10 L, and detection
at 510 nm.  All solutions were filtered through a 0.45 m PVDF
membrane. Anthocyanins were identified by comparison of their
relative retention times and UV spectra with those of authentic
standards, and quantified using an external standard. The results
for the anthocyanins contents were expressed in g per 100 g dry
mass.
3. Results and discussion
3.1.  Characterization of the raw material
Table 1 shows the characterization of the raw material with
respect to moisture content, real and apparent density, and bed
porosity. The mean particle distribution was 14.60% (1.397 mm),
15.62% (0.991 mm),  16.88% (0.701 mm),  12.73% (0.495 mm), 14.70%
(0.295 mm),  12.38% (0.246 mm)  and 13.09% (0.175 mm)  for the cob,
and 14.60% (1.397 mm),  15.65% (0.991 mm),  16.94% (0.701 mm),
12.73% (0.495 mm),  14.70% (0.295 mm),  12.36% (0.246 mm)  and
13.03% (0.175 mm)  for the pericarp, presenting an atypical distri-
bution (not Gaussian) because all sieves retained similar amounts
of material.
3.2. Global extraction curves of the sequential extraction of
different  matrices
Fig.  3 shows the extraction kinetic curves for the cob, whole
grain, ground grain, and pericarp obtained by sequential extrac-
tion at 50 ◦C and 400 bar using three different solvents (scCO2,
ethanol, and water). Indicating the effect of both the matrix and
the solvent on the extraction process. Increasing the solvent polar-
ity affected positively the global extraction yield, in which the
aqueous extraction (most polar solvent) stood out over the other
solvents (CO2 and ethanol), and the scCO2 extraction (nonpolar
solvent) was  negligible, except for the ground corn. The highest
yields were observed in the extractions from the cob and peri-
carp.
Except for ground grain, the extraction yields in the first step
with scCO2 were very low, around 0.4%. For ground corn, 3.3% yield
was observed due to the solubility behavior of lipid components in
scCO2. In the second step with ethanol, the highest yield was 14.11%
for the cob within 410 min, followed by the pericarp with 9.29%
within 160 min. The lowest yields were observed for the ground
and whole grains, with 3.59 and 0.12%, respectively.
The highest extraction yields were obtained in the third extrac-
tion step with water, with 14.2% for the cob within 390 min, and
12.0% for the pericarp within 160 min. The lowest yields obtained in
the aqueous extraction were 7.8 and 3.4% for the ground and whole
grains, respectively, within 210 and 420 min. For all matrices, the
global yield of the three steps ranged from 25.8% as maximum yield
for the cob, and 3.54% as minimum yield for the whole grain, with
extraction times of 900 min  and 715 min, respectively.
The previous extraction processes carried out using the four
raw materials allowed evaluating the most appropriate sources
and extraction times. The cob and pericarp were selected, and thus
subjected to further extraction steps (triplicate) at the same tem-
perature and pressure conditions of 50 ◦C and 400 bar, using three
different solvents (scCO2, ethanol, and water) at predetermined
times.
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Fig. 3. Kinetics of three-step sequential extraction in fixed bed (scCO2, ethanol, and water) at 50 ◦C and 400 bar for cob (a), whole grain (b), ground grain (c), and pericarp (d)
of  purple corn (Zea mays L.).
3.3. Yields and sequential extraction in fixed bed for cob and
pericarp
Fig.  4 shows the experimental yields of the sequential extrac-
tion using three different solvents (scCO2, ethanol, and water)
at 50 ◦C and 400 bar, at a flow rate of 1 L/min CO2 (1.65 g/min)
and 0.5 mL/min ethanol and water. The kinetics curves were con-
structed in terms of global yield as a function of S/F (mass of
solvent/initial  mass of raw material). The results were calculated
from the average of experiments in triplicate.
Of the total cob extract, 53.8% was  extracted with water within
2.5 h, 43.4% with ethanol within 2.5 h, and only 2.8% with scCO2
within 100 min. Of the total pericarp extract, 76.3% was extracted
with water within 220 min, when compared with 20.8% obtained by
ethanol extraction in 220 min, and 2.9% with scCO2 within 100 min.
These results indicate the ease (with water) or difficulty (with
Fig. 4. Kinetics of three-step sequential extraction in fixed bed (scCO2, ethanol, and water) at 50 ◦C and 400 bar for cob and pericarp of purple corn (Zea mays L.).
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Table  2
Concentration, yield and recovery of total monomeric anthocyanins, total phenolics, total flavonoids, and antioxidant activity by DPPH in the cob and pericarp extracts of
purple  corn (Zea mays L.).
Global yield (%) Total monomeric anthocyanins – TMA Total phenolics – TP Total flavonoids – TF Antioxidant activity
Cob
Solvent X0 (%) mg/g extract R (mg/g cob) mg/g extract R (mg/g cob) mg/g extract R (mg/g cob) EC50 (g/mL)
CO2 0.63 ± 0.07 – – – – – – –
EtOH  9.7 ± 0.4 63.8 ± 1.0 6.17 ± 0.09 235 ± 10 22.7 ± 0.9 80 ± 6 7.4 ± 0.5 37.5
Water  12 ± 1 54.6 ± 0.6 6.54 ± 0.07 296 ± 6 35.5 ± 0.7 93 ± 1 11.3 ± 0.1 35.3
Total  22.3 ± 1.5 – 12.71 ± 0.16 – 58.1 ± 1.6 – 18.7 ± 0.6
Global yield (%) Total monomeric anthocyanins – TMA Total phenolics – TP Total flavonoids – TF Antioxidant activity
Pericarp
Solvent X0 (%) mg/g extract R (mg/g pericarp) mg/g extract R (mg/g pericarp) mg/g extract R (mg/g pericarp) EC50 (g/mL)
CO2 0.70 ± 0.18 – – – – – – –
EtOH  4.94 ± 0.48 63.1 ± 1.5 3.1 ± 0.1 278 ± 2 13.69 ± 0.07 153 ± 1 7.53 ± 0.04 35.0
Water  18.18 ± 1.4 41.3 ± 4.3 7.5 ± 0.8 302 ± 1 54.9 ± 0.1 190 ± 1 34.5 ± 0.2 33.4
Total  23.8 ± 0.7 – 10.6 ± 0.9 – 68.6 ± 0.2 – 42.0 ± 0.2 –
scCO2) to extract the solutes, and the aqueous extraction stood
out among the others, since the higher solvent polarity resulted in
higher extraction yield. Polar solvents (water) may  produce higher
yields when compared to middle-polarity (ethanol) or low polarity
solvents (scCO2).
The  solubility of the solutes in scCO2, ethanol, and water and
the polarity of these solvents are determining parameters for
these curves, because the difference in solvents polarity allows
extraction  of different compounds in distinct steps. Thus, the
nature of the solvent used has affected yield, showing high
contents of polar substances and obtaining high mass yield when
compared to ethanol and scCO2 extraction. Studies on sequential
extraction for the matrices under study are scarce in the literature.
Studies have shown that extraction processes using various
steps for different plant matrices allows obtaining extracts with
different compositions and functionalities such as flavonoids and
Fig. 5. Global yield (%) and yield (%) versus time of extraction (point yield) of: total monomeric anthocyanins (TMA); total phenolics (TP) and total flavonoids (TF), in the cob
(a)  and pericarp (b) extracts of purple corn (Zea mays L.) by sequential extraction at 50 ◦C and 400 bar.
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Fig. 6. Medium values of DPPH radical scavenging capacity of the ethanol (a, c) and
aqueous (b, d) extracts obtained from the cob (a, b) and pericarp (c, d) of purple corn
(Zea mays L.).
phenolics in Pitanga leaves (Eugenia uniflora) [22,28], anthocyanins
in Arrabidaea chica Verlot leaves [23,29], different classes of
saponins in Pfaffia glomerata leaves and Hebanthe eriantha roots
[30]. All those authors have shown that the sequential extraction in
fixed bed is an excellent alternative for the extraction of compounds
of interest with high mass yield.
3.4. Chemical composition and activity of the extracts
Table 2 and Fig. 5 show the total monomeric anthocyanins
(TMA), total phenolics (TP), and total flavonoids (TF), and DPPH
antioxidant activity (in terms of EC50) for the cob and pericarp
extracts obtained in the second (ethanol) and third step (water).
The scCO2 extraction presented only accumulated yield values. For
the other extractions (ethanol and water), the results of global
yield,  mean extract concentration, total monomeric anthocyanins,
total phenolics and total flavonoids, and antioxidant activity by
DPPH (EC50) were determined from the average of experiments
performed in triplicate.
3.4.1.  Total monomeric anthocyanin – TMA, total phenolics – TP,
and  total flavonoids – TF
Fig.  5a and b shows the results of TMA, expressed as equivalent of
cyanidin-3-glucoside (C3G), since previous studies have reported it
as  the major anthocyanin in purple corn (Z. mays L.). It is worth not-
ing that the most concentrated extract was  obtained in the second
step (with ethanol) with an average of 63.79 and 63.09 mg  C3G/g for
the cob and pericarp extracts, respectively. However, the aqueous
extraction, with lower concentrations, exhibited higher recovery
values, being 6.54 mg  C3G/g and 7.5 mg C3G/g for the cob and peri-
carp extracts, respectively, due to higher global extraction yield.
Some authors have reported recovery of 6.17 mg of anthocyanins
per gram cob extract [13–15], however, both extraction steps pro-
duced two concentrated extracts with total recovery of 12 mg/g raw
material.
Fig. 5a and b shows the total phenolics – TP (mg  GAE/g extract)
of both matrices. The best yields were obtained in the third step
using water as a solvent, with values of 296 and 302 mg  GAE/g for
the cob and pericarp extract, respectively. With respect to the total
flavonoids, as seen in Fig. 5a and b, extracts with high TF concen-
tration were obtained in the third step with water, with values of
93.06 and 189.57 mg  CE/g for the cob and pericarp extract, respec-
tively. The yield efficiency of the extraction processes suggests that
this class of TP and TF is easily extracted using high polarity sol-
vents, obtaining TP levels of 35.5 mg  GAE/g, and 54 mg  GAE/g for
the cob and pericarp extracts, respectively, and TF levels of 11.3 mg
CE/g and 34.5 mg  CE/g, respectively.
In general, extraction processes are dependent on the solvent;
thus the second extraction step with ethanol afforded the TMA
Fig. 7. Antioxidant activity EC50 of cob (a) and pericarp (b) extracts of purple corn (Zea mays L.).
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Table  3
Color  parameters L*, a*, b*, hab and Cab of the purple corn pericarp (Zea mayz L.) subjected to ethanol and water extraction.
Extraction step Time (min) L* a* b* hab Cab*
2nd (EtOH)
120  2.1 ± 0.03 4.71 ± 0.06 0.59 ± 0.07 6.87 ± 0.86 4.76 ± 0.05
140 1.51 ± 0.02 3.00 ± 0.07 0.17 ± 0.07 3.76 ± 1.52 3.01 ± 0.07
160 1.21 ± 0.06 2.75 ± 0.08 0.5 ± 0.04 10.31 ± 0.89 2.8 ± 0.08
200 1.03 ± 0.01 2.69 ± 0.07 0.54 ± 0.03 11.54 ± 0.96 2.75 ± 0.07
260 1.1 ± 0.02 2.39 ± 0.07 0.49 ± 0.07 12.19 ± 1.57 2.45 ± 0.07
320 0.97 ± 0.02 2.43 ± 0.05 0.58 ± 0.07 13.01 ± 1.7 2.51 ± 0.04
3rd  (water)
340  0.92 ± 0.02 1.36 ± 0.06 0.25 ± 0.05 10.70 ± 3.24 1.38 ± 0.05
360 0.72 ± 0.03 0.45 ± 0.07 −0.08 ± 0.06 349.91 ± 6.37 0.46 ± 0.08
380 0.86 ± 0.05 0.38 ± 0.03 −0.05 ± 0.06 173.16 ± 8.75 0.4 ± 0.03
400 0.95 ± 0.04 0.38 ± 0.09 −0.29 ± 0.08 321.89 ± 9.97 0.48 ± 0.11
440 0.96 ± 0.05 0.38 ± 0.06 −0.23 ± 0.05 329.1 ± 4.87 0.45 ± 0.07
480 0.72 ± 0.04 0.44 ± 0.05 −0.20 ± 0.10 336.79 ± 10.51 0.49 ± 0.06
540 1.55 ± 0.04 3.15 ± 0.07 0.70 ± 0.09 12.48 ± 1.80 3.23 ± 0.06
greater content, whereas higher TP and TF levels were obtained
in the third step using water as solvent.
3.4.2. Antioxidant activity by DPPH
The DPPH radical scavenging capacity expressed as antioxidant
activity (AA%) of the cob and pericarp extracts were analyzed in the
range of 0–150 g/mL. All extracts showed increasing trend with
increasing AA concentration. The results of DPPH radical scaveng-
ing capacity are presented in Fig. 6 that shows the AA responses as
a function of the extract concentration.
The relationship between AA and extract concentration can
present linear or nonlinear behavior in the concentration range
studied, which depends on the nature of the extracts. A non-linear
trend was observed in this study. As can be seen in Fig. 6 for all
extracts, AA increases rapidly with the extract concentration to
reach a maximum of 95%, as can be seen in the ethanol and aque-
ous extracts. After reaching the maximum value, the AA becomes
almost constant, with no more difference between the extracts.
In  Fig. 7, the AA was  represented in terms of effective concen-
tration (EC50, g/mL), which is defined as the extract concentration
that causes 50% decrease of the initial DPPH activity [32]. The
parameter EC50 is indicative of antioxidant activity, thus the lower
the EC50 value, the higher the antioxidant activity is. Expressing
the results in terms of EC50 allows direct comparison between the
antioxidant activities of different compounds, as it is independent
of sample concentration [33]. All extracts had EC50 values lower
than 50 g/mL, therefore they are considered high antioxidant
extracts [34].
The  aqueous extracts presented the lowest EC50 values, 35.3
and 33.4 mg/mL  (Table 2) for the cob and pericarp, respectively,
as shown in Fig. 7. It is worth emphasizing that the best EC50 val-
ues were correlated with the phenolics contents of each extract.
As can be seen in Table 2 and Fig. 7, an increase in antioxidant
activity (lowest EC50) was observed with the increase in phenolics
concentration.
3.4.3. Color of purple corn pericarp extracts
Table 3 shows the color attributes L*, a*, b*, hab, and Cab* of the
extracts obtained by sequential extraction using ethanol and water.
Positive a* values (+) were observed in all extracts, indicating they
were  reddish. The ethanol and aqueous extracts presented intense
red coloration on the first point of each step, with a* values of 4.89
and 2.08 within 110 and 330 min, respectively. This parameter had
a significant influence of the solvent because they indicated a more
red color of the ethanol extracts with higher a* values. Positive
b* values were observed for the ethanol extracts, indicating a
tendency to blue, and the highest b* value was observed in the
first determination, with 1.03 at 110 min  to 0.36 at 320 min. For
the aqueous extracts, the first determination presented b* value
of + 0.37, which was gradually decreasing to -0.19, indicating a
tendency to yellow.
With  respect to the L* parameter, lower values ranging from 1.96
to 0.72 were observed for the ethanol extracts and 1.28 to 0.68 for
the aqueous extracts, indicating very intense color (L* = 0, black) in
all extracts. By combining the coordinates a* and b*, it is observed
that the ethanol extracts were reddish and the aqueous extracts
were violet. These results can be confirmed by analyzing the Hue
angle (hab), once the ethanol extracts showed values ranging from
1.87 to 11.87, while the aqueous extracts presented values ranging
from 9.70 to 352.00. However, this perception is masked by low
luminosity values.
Generally,  these results are indicative of high soluble solids
in the extracts. Furthermore, a good and significant correlation
(r = 0.89) with anthocyanins was  observed, since the higher the
anthocyanins levels, the lower the L* value is. The attributes L* and
chroma (Cab*) showed a correlation (r = 0.74) directly proportional
to the anthocyanin content in the extracts. The good correlation of
color attributes indicates that color measurements may  be used as
parameters for inspection of chemical quality of anthocyanins in
the ethanol and aqueous sequential extracts of the purple corn cob
(Z. mays L.).
The  present results are different from those reported by Montes
et al. [27], who obtained purple corn (Z. mays L.) pericarp extracts
in three steps, the second step with ethanol and the third step with
water. The characteristic color difference between the aqueous and
ethanol extracts can be due to the pH of the solutions, since the
color of anthocyanins varies strongly with pH changes. Moreover,
the type of anthocyanin present in the solutions and their acyla-
tion mechanisms may  have interfered with the coloration of the
extracts.
Table 4
Proportion of each anthocyanin identified by HPLC.
Cob (%) Pericarp (%)
Cy-3-Glu Pn-3-Glu Pg-3-Glu Cy-3-Glu Pn-3-Glu Pg-3-Glu
Retention time (min) 7.53 9.83 11.44 8.14 10.34 12.07
2nd  step (EtOH) 71.52 10.41 18.07 73.62 10.88 15.50
3rd  step (water) 75.28 8.55 16.16 77.27 9.27 13.46
Capítulo - 3 - Extração com scCO2 , EtoH e H2O do milho roxo (1º Artigo)                                                              [ 78 ]
258 Y.M. Monroy et al. / J. of Supercritical Fluids 107 (2016) 250–259
Fig. 8. Chromatograms obtained at 510 nm by HPLC, highlighting the majority anthocyanins present in the corn purple. Peaks: (1) cyanidin-3-glucoside; (2) peonidin-3-
glycoside, and (3) pelargonidin-3-glycoside.
3.4.4. High performance liquid chromatography HPLC for specific
anthocyanins
HPLC  analysis was used to confirm the identity of the major
anthocyanins in the purple corn cob and pericarp extracts. Iden-
tification was performed by comparing their retention times with
authentic standards.
Table  4 presents the percentage of each type of anthocyanin and
their retention times, indicating a high proportion (71–77%) of Cy-
3-Glu in the extracts, with retention times of 7.53 and 8.14 min  in
cob and pericarp extracts, respectively.
As shown in the chromatogram in Fig. 8, three peaks quantified
by HPLC indicated the existence of the major anthocyanins: peak
1  (cyanidin-3-glycoside), peak 2 (peonidin-3-glucoside), and peak
3 (pelargonidin 3-glucoside). All extracts exhibited similar chro-
matographic profiles, thus evidencing similar behavior to those
reported by De Pascual-Teresa et al. [35]; Abdel-Aal et al. [36]; Jing
and Giusti [31]; Jing et al. [10]; Pedreschi and Cisneros-Zevallos
[37]; Li et al. [38]; Yang et al. [39]; Gamarra et al. [40]; Yang and
Zhai [6], although they have used other extraction methods.
Fig.  9 shows the profile of the anthocyanins in the extract
as a function of concentration and extraction time, indicating a
higher concentration at the beginning of extraction, with a value
of 34 mg/g extract, which is below the value obtained by the pH
differential method (60 mg/g extract).
Fig. 9. HPLC of the major anthocyanins in the cob and pericarp (at 510 nm)  of the sequential extracts with ethanol and water.
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4. Conclusions
When comparing the results obtained for the different purple
corn matrices, it was concluded that the cob and pericarp pro-
vided the greatest global mass yield, thus they are the most suitable
sources for extraction due to their market potential. The HPLC anal-
ysis showed high yields of the target compounds, with higher yields
of total monomeric anthocyanins in the ethanol extraction, while
higher yields of phenolics, flavonoids, and antioxidant activity
were observed in the aqueous extraction. Therefore, both extracts
have potential application as colorants and/or natural antioxidants.
The most active extracts were those with the highest phenolics
contents. The sequential extraction stands out as an effective tech-
nique to increase the extraction yield of compounds of interest and
to obtain extracts with different chemical composition.
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a  b  s  t  r  a  c  t
Purple  corn  cob  (Zea  mays  L.)  extracts  were  obtained  by  sequential  extraction  in  fixed  bed,  using  GRAS
solvents  (Generally  Recognized  as  Safe)  ordered  by  increasing  polarity,  as  follows:  supercritical  carbon
dioxide  (scCO2)  (nonpolar)  in  a  first step,  ethanol  (polarity  5.2)  in  a  second  step,  and water  (polarity
9.0)  in a third  step  at the  same  conditions  of  temperature  and  pressure.  CCRD  (Central  Composite  Rotat-
able  Design)  was  used  to study  the effect  of  pressure  (259–541  bar)  and  temperature  (36–64 ◦C) on  the
following  parameters:  overall  yield  (X0) of  each  extraction  step;  yield  and content  of  total  monomeric
anthocyanins  (TMA),  total  phenolics  (TP), and  total  flavonoids  (TF);  antioxidant  activity  (AA)  expressed  as
effective  concentration  EC50/DPPH  responsible  for 50%  decrease  in the  initial  activity;  color by  CIELAB  L*
a*  b*  system.  Quantification  of specific  anthocyanins  was  performed  by  HPLC.  The  process  was  optimized
using  response  surface  methodology  (RSM),  and  the  best  responses  were: X0 of  15.4%  in the  3rd  step
at  65 ◦C  and  440  bar; TMA  of 64  mg  cyanidin-3-glucoside  per gram  extract  in  the  2nd  step  at  45 ◦C  and
420  bar;  TF  of  93.7  mg  catechin  equivalents  per  gram  extract  obtained  in the  3rd  step  at  50 ◦C and  400  bar;
TP  of  389  mg  gallic  acid  equivalents  per  gram  extract,  and  AA (EC50/DPPH)  of  21 g/mL  in the  2nd  step  at
65 ◦C and  450 bar. The  color  of the extracts  was  affected  by the  type  of solvent,  and  the  highest  cyanidin
3-glycoside  concentration  was  observed  in the  2nd  extraction  step,  with  values  of 26–38 mg  per  gram
extract,  determined  by HPLC.
©  2016  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Several researchs have reported the health benefits of pheno-
lic compounds found in plants, which may  exhibit antioxidant,
antimutagenic, antimicrobial, and anti-inflammatory activities,
and can be used in the control of obesity and hypertension, pre-
vention of coronary heart disease and vision loss, and decreasing
the risk of cancer. [1–6]. Among the phenolic compounds, antho-
cyanins have great potential as natural pigment in industry, in
addition to having important biological activities [2,7–9]. The use
of anthocyanins is still limited because of its low extraction yield,
low quality extracts, thermal and oxidative instability, and conse-
quent difficulty of storage. Methanol has been used for extraction
of pigments; however, it is toxic and can cause diseases such as
Parkinson’s disease. [10].
∗ Corresponding author.
E-mail address: facabral@unicamp.br (F.A. Cabral).
Different studies have investigated a variety of solvents safe
with different polarities to obtain clean extracts and maximum
yield in phenolic compounds [11,12]. Polarity of chemicals is com-
monly used to classify the solvents. The terms used as polar,
nonpolar and apolar are generally related to the values of dielec-
tric constants, dipole moments, polarizabilities. If a solvents has
the ability to dissolve and stabilize dipolar or charged solutes, it
is defined as a polar solvent [13]. The scCO2, ethanol, and water
are suitable solvents for use in the extraction of bio compounds,
since they are considered GRAS solvents [14]. Separation processes
using scCO2 to replace organic solvents are good choices for obtain-
ing natural extracts containing bioactive substances. When applied
to foods and drugs, these processes produce clean extracts and
residues, given that CO2 is inert and non-toxic [15]. Solvents of
different polarities have effect on the efficiency of extraction of
phenolics [16] and by consequence, on antioxidant activity [17].
Purple  corn (Zea mays L.) is a variety of corn that has intense
purple color present on the cob and pericarp of the grain. This
coloration is due to their high anthocyanins levels, thus these
http://dx.doi.org/10.1016/j.supflu.2016.04.011
0896-8446/© 2016 Elsevier B.V. All rights reserved.
Capítulo - 4 - Otimização e extração de sabugo de milho roxo (2º Artigo)                                               [ 84 ]
Y.M. Monroy et al. / J. of Supercritical Fluids 116 (2016) 10–19 11
parts are more suitable for extraction of anthocyanins [18], and
may be an alternative source of natural food coloring [19]. Batista
et al. [20] studied phenolics and anthocyanins in residues from
the supercritical extraction of ac¸ aí (Euterpe oleracea); Paes et al.
[21] extracted phenolics and anthocyanins from blueberry (Vac-
cinium myrtillus L.) bagasse using scCO2 and pressurized liquids;
Paula et al. [11] extracted carajurin in its aglycone form using scCO2
from Arrabidaea chica Verlot; Reátegui et al. [22] extracted phenolic
compounds from blackberry (Rubus sp.) and Pereira et al. [23] from
myrtle (Myrtus communis L.).
The Central Composite Rotatable Design (CCRD) and response
surface analysis are very useful tools to find the optimal process-
ing conditions [24]. There are many reports on the application of
response surface methodology (RSM) to optimize extraction con-
ditions, and thus substantially improve the process efficiency in
terms of yield and product composition [25–28]
A previous study on the sequential extraction of phenolic com-
pounds from cob and pericarp of purple corn at 50 ◦C and 400 bar
performed by our research group [18] found negligible extraction
yield with scCO2, indicating that the phenolic compounds from corn
are very polar and not extracted with pure scCO2. The yields of the
second and third step with ethanol and water were 9.7% and 12%
for cob, and 4.9% and 18.2% for pericarp, respectively. All extracts
from the second and third steps were rich in phenolic compounds,
and the corresponding dry extracts contained from 23 to 30% total
phenolics, of which around 6% were anthocyanins and 8–19% were
flavonoids.
Considering the high phenolics level in the purple corn extract,
the aim of this study was to use the CCRD to find the best tem-
perature and pressure conditions to obtain extracts with higher
content of total monomeric anthocyanins, total phenolics, and
total flavonoids, and the best antioxidant activity expressed as
EC50/DPPH
2.  Material and methods
2.1.  Characterization of raw material
Purple corn cob (Z. mays L.) samples were acquired in the Peru-
vian market. Samples were ground in a Wiley mill (MA-340 model,
Marconi, Brazil) and classified according to size, using vibrating
screens (Tyler sieve series, Bertel, Brazil) with sieve sizes of 8, 12,
16, 24, 32, 48, 60, and 80 mesh for 15 min. The samples were pack-
aged in plastic bags, wrapped in aluminum paper and stored in
a freezer (model 220, Consul, Brasil) at −18 ◦C. Moisture contents
(volatiles + moisture) of the raw material was 6.35 ± 0.01% deter-
mined by gravimetric method by Official Methods Of Analysis AOAC
[29] and 4.2 ± 0.5% (only moisture) by American Oil Chemist’s Soci-
ety Ca 23–55 method AOCS [30] known as Karl-Fisher (Metrohm
701 KF Titrino equipped with oven 832 KF Thermoprep), respec-
tively. The mean particle diameter was 0.52 ± 0.04 mm,  calculated
from the average of the fractions retained on a series of Tyler sieves
with sizes ranging from 12 to 80 mesh, according to the ASAE pro-
cedure [31].
The  fixed bed of tritured corn was characterized for appar-
ent density of 0.344 ± 0.001 g/cm3 according to Uquiche [32]. Real
density of 1.400 ± 0.001 g/cm3 was determined at 25 ◦C by helium
gas pycnometry (automatic Quantachrome pycnometer Ultrapyc
1200e), resulting in porosity of 0.754 ± 0.006, determined accord-
ing to the procedures described by Rahman [33].
2.2. Chemicals
The following reagents were used in the extraction process:
CO2 purchased from White Martins Industrial (Campinas, Brazil,
Table 1
Pressure and temperature levels in the CCRD.
−1.41 −1 0 1 1.41
T (◦C) 36 40 50 60 64
P (bar) 259 300 400 500 541
Table 2
CCRD matrix with three central points to evaluate the effect of T ( ◦C) and P (bar) on
extraction yield (X0).
DCCR Assay Independent variables Dependent variables
X0 (%)
T (◦C) P (bar) XscCO2 Xtotal (%) XEtOH XWater
1 40 (−1) 300 (−1) 0.48 6.11 10.55 17.14
2 60 (1) 300 (−1) 0.79 7.60 13.93 22.31
3 40 (−1) 500 (1) 0.31 6.36 13.79 20.46
4 60 (1) 500 (1) 0.19 9.10 14.55 23.83
5 36 (−1.41) 400 (0) 0.22 4.52 12.86 17.60
6 64 (1.41) 400 (0) 0.33 9.77 14.35 24.45
7 50 (0) 259 (−1.41) 0.25 5.36 7.34 12.95
8 50 (0) 541 (1.41) 0.56 9.89 14.72 25.16
9 50 (0) 400 (0) 0.44 8.87 14.03 23.34
10 50 (0) 400 (0) 0.43 9.79 14.09 24.31
11 50 (0) 400 (0) 0.50 9.89 13.94 24.33
Table 3
Regression coefficients (RC) for the response yield of the three-step sequential
extraction.
Yield (%)
Factor 1st step (scCO2) 2nd step (EtOH) 3rd step (Water)
CR p-value CR p-value CR p-value
Mean ˇ0 −3.41 0.01 −41.88 1 × 10−5 −29.90 6 × 10−6
T (L) ˇ1 0.11 0.57 1.25 0.01a 0.31 0.13
T (Q) ˇ11 −0.01 0.49 −0.01 0.03a 3 × 10−4 0.96
P (L) ˇ2 0.01 0.58 0.07 0.03a 0.15 0.01a
P (Q) ˇ22 −8 × 10−8 0.99 −9 × 10−5 0.06 −1 × 10−4 0.06
T x P ˇ12 −1 × 10−4 0.33 3 × 10−4 0.55 −6 × 10−4 0.34
a 95% confidence level (p < 0.05).
Table 4
Analysis of variance (ANOVA) for the sequential extraction yield as a function of
temperature ( ◦C) and pressure (bar).
Source of variation 2nd  Extraction step (EtOH) 3rd Extraction step (Water)
SS GFMS Fcal/Ftab R2 SQ GLQM Fcal/Ftab R2
Regression 36.175 7.231.51 0.88 42.015 8.401.08 0.85
Residue 4.73 5 0.95 7.68 5 1.54
Total  40.90 10 49.6910
Sum of squares (SS), degrees of freedom (GF), Mean squares (MS), F = variance ratio.
lot 113C/12) with purity of 99.5%; ethanol (99.8% v/v) from Exodo
(Brazil, lot AE8828RA); ultrapure water obtained from a Milli-
Q system (Millipore Corporation, USA). Hydrochloric acid (HCl)
(>99.5% Ecibra, Santo Amaro, Brazil); potassium chloride (KCl)
(PA-ACS, Synth, lot 116,500, Diadema, São Paulo, Brazil); Sodium
acetate (NaC2H3O2) (PA-ACS, Ecibra, lot 17714, Santo Amaro,
São Paulo, Brazil); sodium carbonate (99.5% w/w) and sodium
hydroxide (95.0% w/w)  (Êxodo, Brazil); Folin-Ciocalteau reagent
(Dinâmica, Brazil); hydrated aluminum chloride (99.0% w/w) and
sodium nitrite (97.0% w/w)  from Ecibra (Brazil); gallic acid (99.0%
w/w) from Vetec (Brazil); (+) − catechin hydrate (98.0% w/w),
and 1,1-diphenyl-2-picrilhidrazyl (DPPH) from Sigma-Aldrich,
and the standards cyanidin-3-glycoside, pelargonidin-3-glycoside,
and peonidin-3-glucoside (> 99,9%, Extrasynthèse, lot 09011533,
Sigma).
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2.3. Three-step sequential extraction in fixed bed
The sequential extraction experiments were performed in an
experimental unit, as scheme shown in Fig. 1. In all cases, the extrac-
tor (50 mL,  2 cm diameter) was packed with approximately 5.0 g
of dry and ground material. The parameters of extraction proce-
dure was similar to that carried out by Monroy et al. [18], within
90 min  of extraction time for the 1st step with scCO2, and 150 min
for the 2nd and 3rd step with ethanol and water respectively, with
a total extraction time of 390 min, and average solvent flow rate
of 1.65 g/min for scCO2, 0.5 mL/min (0.395 g/min) for ethanol, and
0.5 mL/min (0.5 g/min) for water. The sequential extraction exper-
iments were discussion in detail elsewhere [12,34–36].
Fig. 1. To remove the ethanol from the extracts, the samples were
dried in a rotary evaporator (Marconi. MA-120, Brazil) coupled to
a bath at 40 ◦C under vacuum of 700 mmHg, and then placed in a
vacuum oven (Marconi, MA  030-12, Brazil) at 40 ◦C and 525 mmHg
(Marconi pump, MA  057-13, Brazil) until obtaining a dry extract.
The water was removed from the aqueous extracts by freeze drying.
The samples were stored in sealed penicillin-type 50 mL  vials, and
kept under refrigeration for later analysis.
2.4. Central composite rotatable design (CCRD)
The operating conditions were established according to the
CCRD with pressure (P, bar) and temperature (T,◦C) as independent
variables. The experimental designs were made with two levels
(−1 and +1) with a central point (0) and axial points (−1.41 and
+1.41) as shown in Table 1. This experiment generated a matrix
with 11 assays for the response variables: yield (X0) and pheno-
lic compounds (PC), as shown in Tables 2 and 6. The second order
polynomial equation used to predict X0 and PC as a function of the
independent variables temperature (T) and pressure (P) along with
the regression coefficient values () are shown in Eq. (1).
(X0 or PC )  = ˇ0 + ˇ1T + ˇ2P + ˇ12TP + ˇ11T2 + ˇ22P2 (1)
2.5.  Characterization of the extracts
The extracts were characterized by: global yield (X0), calcu-
lated from ratio percentage between mass of extract per mass
of raw material for each step of extraction; total anthocyanins
(TMA) measured by the pH differential method [37]; total pheno-
lics (TP) determined by the Folin-Ciocalteu reagent according to
Singleton et al. [38]; total flavonoids (FT) according to Jia et al.
[39], antioxidant activity (DPPH assay) determined according to
the procedure described by Mensor et al. [40], and expressed as
effective concentration (EC50g/mL). The color of the extracts was
measured by spectrophotometry using the CIELAB coordinates [41]
and anthocyanins were identified by high performance liquid chro-
matography. The details these methods were described by Monroy
et al. [18].
2.6.  High performance liquid chromatography—HPLC for the
specific  anthocyanins
The  analysis was performed in a chromatographic system LC-
DAD Waters Alliance composed of Waters 2695 pump, Waters
2996 detector and Empower software. Chromatographic separa-
tions were performed using a reverse phase column C-18 Waters
Nova-Pak (150 × 3.9 mm,  44 m,  with pre-column), as described in
details in previous work [18].
Table 5
Estimated optimal conditions and expected values for the different extraction steps.
Extraction step T (◦C) P (bar) Yield (%)
2nd (EtOH) 55 440 10.53
3rd (Water) 65 440 15.37
2.7. Statistical analysis
Data  were submitted to regression analysis and analysis of vari-
ance (ANOVA) at the 5% significance level, using the Statistica
software version 7.0 (StatSoft, EUA).
3. Results and discussion
3.1.  Extraction yield
Central  Composite Rotatable Design (CCRD) was  used to opti-
mize two independent variables, pressure and temperature. Table 2
shows the matrix (CCRD) with the coded and real values, as well as
the responses obtained for 11 trials, with the yield values for each
sequential extraction step and for total extract.
Low extraction yields were obtained in the scCO2 extraction (1st
step), with an average of 0.41 ± 0.18%, but high average yields of
7.9 ± 2.0% and of 13.1 ± 2.2% were obtained for the second step with
ethanol e third step with water. The extractions using water as sol-
vent stood out, representing around 61% of the total yield. Thus, the
polarity of the solvent affects the extraction yield, with high levels
of polar substances and higher yield of extracts.
According to the results and, analyzing the influence of the fac-
tors P (bar) and T (◦C) on the extraction yield, it was  possible to
determine the regression coefficients, as shown in Table 3, where
the linear terms are associated with the letter L and the quadratic
terms with the letter Q, at 95% confidence level shows that the
model is significant according to the Student test (p < 0.05). The
Pareto diagram (Fig. 2) shows the standardized effects, with no sig-
nificance between the extracts of the 1st step with scCO2. On the
other hand, for the ethanol extracts in the 2nd step a significant
difference was  observed for Temperature lineal T(L), Temperature
quadratic T(Q) and Pressure lineal P(L), for the water extracts in the
3rd step was P(L), which by their importance could be arranged in
the following order: T (L)>T (Q)>P (L) of the 2nd step.
Fig.  2. The regression coefficients were used to define a model
that represents the yield (X0) as a function of pressure (bar) and
temperature ( ◦C) in encoded form, according to Eq. (1), expressed
by the following second-order polynomial model Eq. (2) of the 2nd
step and Eq. (3) of the 3rd step:
Xo(2ndstep) = −41.9 + 1.3T + 0.1P + 3 × 10−4T.P
−0.01T2 − 9 × 10−5P2 (2)
Xo(3rdstep) = −29.9 + 0.31T + 0.15P − 6 × 10−4T.P
+3  × 10−4T2 − 1 × 10−4P2 (3)
The analysis of variance (ANOVA) in Table 4 shows no signif-
icant differences in the extraction yield with scCO2 for all tests.
In contrast, a significant effect of at least one of the variables was
observed for the ethanol and aqueous extraction for both models,
since the calculated F (Fcal) was  higher than the tabulated F (Ftab)
for F distribution of 95% confidence.
Table 4 In addition, through the response surface methodology
(RSM) generated by the model from the optimized region (Fig. 3),
Table 5 shows the optimized values for T and P, with higher yield
of 15% obtained in the 3rd step.
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Fig. 1. Flowchart of the sequential extraction process (three steps).
Fig. 2. Pareto diagram for the variables temperature (◦C), pressure (bar), on the yield of purple corn (Zea Maiz L.) cob extracts using scCO2 (a), ethanol (b) and water (c) as
solvents.
Fig. 3. Response surface for the extraction yields using EtOH (a), and water (b) as a function of temperature (◦C) and pressure (bar).
Table 6
CCRD  assays for effect of T (◦C) and P (bar) on TMA, TP, TF, and AA (EC50/DPPH) of the purple corn (Zea maiz L.) cob extracts in the 2nd and 3rd step.
Extraction step Assay (CCRD) Dependent variables
X0 (%) TMA  TP TF AA
mg/g R (mg/g cob) mg/g R (mg/g cob) mg/g R (mg/g cob) EC50 (g/mL)
2nd step (EtOH) 1 6.1 53 ± 0.2 3.2 ± 0.01 204.2 ± 3.2 12.5 ± 0.2 68.54 ± 2.33 4.28 ± 0.13 43.31
2 7.6 56.3 ± 4.9 4.3 ± 0.4 212.3 ± 6.5 16.1 ± 0.5 70.23 ± 2.37 5.44 ± 0.18 43.38
3 6.4 58.7 ± 4.2 3.7 ± 0.3 234.7 ± 3.2 14.9 ± 0.2 71.62 ± 2.33 4.65 ± 0.14 35.54
4 9.1 51.7 ± 2.8 4.7 ± 0.3 254.2 ± 7.3 23.1 ± 0.7 82.72 ± 2.52 7.59 ± 0.26 35.85
5 4.5 54.9 ± 1.8 2.5 ± 0.1 196.1 ± 1.4 8.9 ± 0.06 66.98 ± 0.9 3.04 ± 0.03 45.82
6 9.8 49.8 ± 3.7 4.9 ± 0.4 261.5 ± 3 25.5 ± 0.3 67.96 ± 2.46 6.78 ± 0.24 45.77
7 5.4 54.4 ± 4 2.9 ± 0.2 200.9 ± 3.3 10.8 ± 0.2 72.87 ± 0.35 3.90 ± 0.02 39.37
8 9.9 67.6 ± 5 6.7 ± 1.2 224.1 ± 1.3 22.2 ± 0.1 74.95 ± 1.28 7.45 ± 0.07 38.58
9 8.9 62.6 ± 2.7 5.6 ± 0.2 221.1 ± 3.4 19.6 ± 0.3 78.93 ± 2.38 6.96 ± 0.17 36.80
10 9.8 64.7 ± 5.5 6.3 ± 0.7 212.8 ± 3.2 20.8 ± 0.3 79.51 ± 2.01 7.91 ± 0.18 39.01
11 9.9 63.9 ± 0.9 6.3 ± 0.1 216.6 ± 3.3 21.4 ± 0.3 79.92 ± 1.69 7.81 ± 0.02 37.11
3rd step (Water) 1 10.6 49.4 ± 2.2 5.2 ± 0.2 196.8 ± 3.7 20.8 ± 0.4 65.1 ± 0.7 6.9 ± 0.1 43.76
2 13.9 39.3 ± 0.8 5.5 ± 0.1 270.9 ± 4.9 37.7 ± 0.7 95.4 ± 2.8 13.3 ± 0.4 37.38
3 13.8 54.2 ± 0.7 7.5 ± 0.1 291.1 ± 2.2 40.2 ± 0.3 87.7 ± 3.5 12.1 ± 0.5 39.25
4 14.6 44 ± 4.1 6.4 ± 0.6 366.2 ± 1.9 53.3 ± 0.3 80.6 ± 1.7 11.7 ± 0.3 25.00
5 12.9 58.3 ± 0.5 7.5 ± 0.1 260.9 ± 2.8 33.5 ± 0.4 77.4 ± 2.2 10 ± 0.3 38.82
6 14.4 35 ± 0.5 5 ± 0.1 373.2 ± 4.7 53.6 ± 0.7 93.2 ± 3 13.4 ± 0.4 23.00
7 7.3 50.9 ± 0.5 3.7 ± 0.04 232 ± 1.4 17 ± 0.1 94.9 ± 4.4 7 ± 0.3 35.19
8 14.7 56.2 ± 0.4 8.3 ± 0.1 277.4 ± 2.2 40.8 ± 0.3 101 ± 3.2 14.9 ± 0.5 33.16
9 14.0 58.5 ± 0.5 8.2 ± 0.1 281.5 ± 1.1 39.5 ± 0.2 94 ± 1.6 13.2 ± 0.2 34.01
10 14.1 54.9 ± 1.1 7.7 ± 0.2 295.7 ± 1 41.7 ± 0.1 93.7 ± 5.2 13.2 ± 0.7 36.77
11 13.9 55.3 ± 0.6 7.7 ± 0.1 278.1 ± 1 38.8 ± 0.1 93.1 ± 4.2 13 ± 0.6 33.01
Capítulo - 4 - Otimização e extração de sabugo de milho roxo (2º Artigo)                                                                 [ 87 ]
14 Y.M. Monroy et al. / J. of Supercritical Fluids 116 (2016) 10–19
Fig. 4. Pareto diagram for the effect of T (◦C) and P (bar) and their interactions on the TMA  (a and b), TP (c and d), TF (e and f), and AA (CE50/DPPH) (g and h), of the extracts
from the 2nd step with EtOH (a, c, e, and g) and 3rd step with water (b, d, f and h), at a confidence level of 95% (p<0.05).
3.2. Phenolic compounds and antioxidant capacity of corn purple
Since  the phenolic compounds composition is an important
characteristic of extracts, the extracts from the 2nd step of extrac-
tion with EtOH and of 3rd step with water were analyzed by
spectrophotometry. The Table 6 shows the assays (CCRD) and the
responses obtained for 11 trials showing the TMA, TP, TF, and AA
values expressed as (CE50/DPPH) by means of different types of
regression analyses. The results were calculated from the average
of the experiments, in triplicate.
Corn  purple is known to contain various phenolics, including
antioxidants. So, it is important assess the antioxidant properties of
its extracts. For this purpose, DPPH assay were done for comparison
[42].  In this method, the antioxidant activity (AA) was  represented
in terms of effective concentration (EC50, g/mL) which is defined
as the extract concentration responsible for 50% decrease in the
initial activity of DPPH [36].
From these results, it was  possible to determine the regression
coefficients shown in Table 7. The level of significance was set at
95% confidence level (p < 0.05). The significant variables those with
p-value less than 0.05 for the 2nd step with EtOH were the linear
temperature T (L) for TP and AA (EC50/DPPH), the quadratic tem-
perature T(Q) for TMA  and TF, the linear pressure P(L) for TP, the
linear temperature T(L) for all analyses in the 3rd step with water,
the quadratic temperature for TMA  and TF, the linear pressure P (L)
for TP, and the interaction of temperature and pressure TXP for TF.
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Fig. 5. Response surface for TMA  (a and b), TP (c and d), TF (e and f) and AA (CE50/DPPH) (g and h), of the extracts obtained in the 2nd step with EtOH (a, c, e and g) and 3rd
step with water (b, d, f and h).
This analysis can be seen by Pareto diagram in Fig. 4, where
the statistically significant parameters correspond to those with
calculated t (tcal) higher than critical t (tcrit), in absolute terms, for
the confidence level established (95%) and corresponding degrees
of freedom.
A  model that represents TMA, TP, TF, and AA (CE50/DPPH) was
developed as a function of P (bar) and T (◦C) encoded in the two
extraction steps using these regression coefficients.
Through analysis of variance (ANOVA) in Table 8, the model was
validated since both the explained coefficient of variation and the
calculated F values were satisfactory whit Fcal >Ftab (5.05).
The  validated model can be used to calculate the expected values
in the levels studied, and construction of its response surface, which
is generated by the model from the regression coefficients in the
pressure and temperature range studied for TMA, TF, TP, and AA
(EC50/DPPH) over the regions of the factors under study, as shown
in the surface response in Fig. 5.
3.3. Optimization of the extraction process
The optimum extraction conditions in the 2nd and 3rd step for
TMA, TF, TP, and AA (EC50/DPPH) from purple corn obtained by the
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Fig. 6. Chromatograms obtained by HPLC monitored at 510 nm,  highlighting the anthocyanins.
Fig. 7. HPLC data of anthocyanins (at 510 nm)  of the sequential extracts with ethanol (a) and water (b).
Table 7
Regression coefficients (RC) for the responses TMA, TF, TP, and AA (CE50/DPPH).
TMA  TF TP AA (EC50/DPPH)
Factor 2nd step (EtOH) 2nd step (EtOH) 2nd step (EtOH) 2nd step (EtOH)
CR  p- value CR p- value CR p- value CR p- value
Mean  ˇ0 −174.8 1 × 0−6 −60.17 1 × 10−7 323.06 0.00 123.54 0.001
T  (L) ˇ1 7.1 0.27 4.63 0.18 −7.20 0.02a −3.86 0.27
T  (Q) ˇ11 −0.06 0.005a −0.05 0.01a 0.08 0.22 0.05 0.04a
P(L) ˇ2 0.29 0.07 0.07 0.10 0.05 0.03a 0.06 0.10
P  (Q) ˇ22 1 × 10−4 0.23 −2 × 10−4 0.18 −7 × 10−5 0.90 −1 × 10−5 0.94
T  x P ˇ12 3 × 10−3 0.16 2 × 10−3 0.20 2 × 10−3 0.68 −1 × 10−3 0.47
Factor  3rd step (Water) 3rd step (Water) 3rd step (Water) 3rd step (Water)
CR  p-value CR p- value CR p- value CR p- value
Mean  ˇ0 −98.44 6 × 10−7 −301.05 1 × 10−6 105.56 0.001 22.97 1 × 10−5
T (L) ˇ1 5.08 0.002a 11.00 0.04a −12.01 0.001a 1.12 0.01a
T (Q) ˇ11 −0.06 0.008a −0.07 0.04a 0.16 0.14 −0.01 0.58
P(L)  ˇ2 0.2 0.12 0.51 0.37 1.59 0.01a 1 × 10−4 0.1
P  (Q) ˇ22 −2 × 10−4 0.16 −2 × 10−5 0.93 −1 × 10−3 0.13 8 × 10−5 0.62
T  x P ˇ12 −1 × 10−4 0.94 −0.01 0.02a 2 × 10−4 0.98 −1 × 10−3 0.31
a 95% confidence level (p < 0.05).
response surface methodology (RSM) are presented in Table 9, with better extractions in the range of 45–68 ◦C and 380–480 bar in the
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Table  8
Analysis of variance (ANOVA) for TMA, TP, TF, and AA as a function of Temperature ( ◦C) and Pressure (bar).
2nd Extraction step (EtOH) 3rd Extraction step (Water)
Source of variation (SV) TOTAL MONOMERIC ANTHOCYANINS (TMA)
SQ GL QM Fcal/Ftab R2 SQ GL QM Fcal/Ftab R2
Regression 301.99 5 60.4 1.23 0.86 571.6 5 114.27 2.30 0.92
Residue  48.5 5 9.7 49.1 5 9.82
Total  350.5 10 620.5 10
SV  TOTAL POLYPHENOLS (TP)
SQ GL QM Fcal/Ftab R2 SQ GL QM Fcal/Ftab R2
Regression 3580.8 5 716.15 0.86 0.81 23835.2 5 4767.03 2.12 0.91
Residue  821.9 5 164.38 2220.8 5 444.15
Total  4402.7 10 26055.9 10
SV  TOTAL FLAVONOIDS (TF)
SQ  GL QM Fcal/Ftab R2 SQ GL QM Fcal/Ftab R2
Regression 252.1 5 50.43 0.97 0.83 902.9 5 180.57 1.03 0.84
Residue  51.2 5 10.24 173.1 5 34.62
Total  303.3 10 1076.0 10
ANTIOXIDANT ACTIVITY BY DPPH AA(CE50/DPPH)
SV  SQ GL QM Fcal/Ftab R2 SQ GL QM Fcal/Ftab R2
Regression 235.9 5 47.18 0.56 0.74 306.5 5 61.39 0.99 0.83
Residue  83.2 5 16.64 61.3 5 12.26
Total  319.1 10 367.7 10
Table 9
Optimum conditions and estimated values for the phenolic compounds: TMA, TP, TF, and AA in the different extraction steps.
Bioactive compounds 2nd Extraction step (EtOH) 3rd Extraction step (Water)
T (◦C) P (bar) C* T (◦C) P (bar) Ca
TMA  (mg  C3G/g ext.) 45 420 63.56 44 400 58.20
TP  (mg  GAE/g ext.) 68 480 282.61 65 450 389.49
TF  (mg  CE/g ext.) 50 380 78.87 50 400 93.72
AA(CE50/DPPH) (g/mL) 47 450 36.56 65 450 21.95
a Concentration.
Table 10
Color  parameters L*, a*, b*, hab and Cab of the sequential purple corn (Zea maiz L.) cob extracts with EtOH and water.
Extraction step Assay (DCCR) TMA  L* a* b* hab Cab*
2nd Extraction step (EtOH) 1 63.6 ± 0.3 2.8 ± 0.1 2.1 ± 0.1 −1.3 ± 0.1 328.9 ± 2.1 2.4 ± 0.1
2 67.5 ± 5.9 3.9 ± 0.1 3 ± 0.1 −1 ± 0.1 341.1 ± 1.8 3.2 ± 0.1
3 70.4 ± 5.1 3.1 ± 0.1 3.7 ± 0.1 −1.1 ± 0.1 342.9 ± 1.3 3.9 ± 0.1
4 62.1 ± 3.4 1.8 ± 0.1 3.2 ± 0.1 0.2 ± 0.1 4.4 ± 1.7 3.2 ± 0.1
5 65.9 ± 2.1 3 ± 0.1 3.3 ± 0.1 −1.4 ± 0.1 337.1 ± 0.7 3.6 ± 0.1
6 59.8 ± 4.4 3.1 ± 0.1 3.5 ± 0.1 −0.8 ± 0.1 346.6 ± 1.3 3.6 ± 0.1
7 65.3 ± 4.8 2.5 ± 0.1 3.3 ± 0.1 −0.4 ± 0.1 353.4 ± 1.9 3.4 ± 0.1
8 81.2 ± 5 3.6 ± 0.1 3.4 ± 0.1 −1.3 ± 0.1 339.8 ± 1.4 3.6 ± 0.1
9 73.8 ± 3.2 4.7 ± 0.1 3.4 ± 0 −1.4 ± 0.1 337.1 ± 1.4 3.7 ± 0.1
10 72.4 ± 5.5 3.8 ± 0.1 3.5 ± 0.2 −1.4 ± 0.1 338.2 ± 1.1 3.8 ± 0.2
11 73.7 ± 1.2 4.6 ± 0.1 3.5 ± 0 −1.6 ± 0.1 333.4 ± 1.3 4 ± 0.1
3rd  Extraction step (Water) 1 59.3 ± 2.6 0.9 ± 0.1 0.8 ± 0.1 −0.7 ± 0.1 315.7 ± 3.9 1.1 ± 0.1
2 47.2 ± 0.9 1.4 ± 0.1 0.9 ± 0.1 −0.9 ± 0.1 316 ± 3.9 1.3 ± 0.1
3 65.1 ± 0.8 0.9 ± 0.1 0.8 ± 0.1 −0.7 ± 0.1 320.6 ± 2.5 1 ± 0.1
4 52.8 ± 4.9 1 ± 0.1 1.2 ± 0.1 −0.7 ± 0.1 330.3 ± 1.6 1.4 ± 0.1
5 69.9 ± 0.7 0.9 ± 0.1 0.6 ± 0.1 −0.6 ± 0.1 315 ± 4.5 0.9 ± 0.1
6 42 ± 0.6 1.2 ± 0.1 1 ± 0.1 −0.9 ± 0.1 317.8 ± 2.5 1.3 ± 0.1
7 61.1 ± 0.6 1 ± 0.1 0.8 ± 0.1 −0.5 ± 0.1 327.2 ± 6.6 1 ± 0.1
8 67.4 ± 0.5 1.4 ± 0.1 0.6 ± 0.1 −0.6 ± 0.1 314.8 ± 1.3 0.8 ± 0.1
9 70.2 ± 0.6 1.1 ± 0.1 0.6 ± 0.1 −0.6 ± 0.1 314 ± 3.4 0.8 ± 0.1
10 69.9 ± 1.4 1.1 ± 0.1 0.5 ± 0.1 −0.7 ± 0.1 307 ± 2.5 0.9 ± 0.1
11 68.3 ± 0.7 1.5 ± 0.1 0.7 ± 0.1 −0.9 ± 0.1 306.5 ± 3.4 1.1 ± 0.1
2nd step, and 44–65 ◦C and 400–450 bar in the 3rd step with water.
In general, the extraction processes were dependent on the solvent;
thus, the 2nd extraction step with ethanol yielded higher TMA  lev-
els, which was also observed by Monroy et al. [18], the recovery
of anthocyanins per gram cob was of the same order of magnitude
found by other authors [43–45]. The two-step extraction produced
two concentrated extracts, thus obtaining high yields in phenolic
compounds.
3.4. Correlations between the TMA and the color parameters
The color attributes L*, a*, b*, hab and Cab* of the extracts are
shown in Table 10. Positive a* values and negative b* values were
obtained, representing reddish color and a tendency to yellow.
Lower L* values were also observed, indicating intense color of all
extracts (L* = 0, black). The Hue angle (hab) and Cab* were obtained
by combining the coordinates a* and b*.These results corroborate
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the findings of Montes et al. [41] and Nour et al. [46], who stud-
ied the correlations between anthocyanins levels and C* and L* in
Jabuticaba fruits, and Yang et al. [47] in purple corn. No correlation
was observed between TMA  and hab.
3.5. HPLC for specific anthocyanins
HPLC  analysis was used to quantify and to confirm the identifi-
cation of the majority anthocyanins in the extract from the purple
corn cobs. Identification was performed by comparing their reten-
tion times with standards.
The  chromatogram in Fig. 6 highlights three peaks quantified
by HPLC, indicating the cyanidin-3-glycoside as the major antho-
cyanin (peak 1) and the others, peak 2 (peonidin-3-glucoside),
and  peak 3 (pelargonidin-3-glicoside). The chromatographic pro-
files showed similar behavior in all extracts, as also observed by
other researches [7,37,48–55], although these authors have used
other extraction methods. Moreno et al. [56] found that cyanidin-
3-glucoside is the major anthocyanin, reapresenting 73–87% of the
total anthocyanins of purple corn. Montilla et al. [44] also found
cyanidin-3-glucoside and its malonated derivatives.
Fig. 7 shows the anthocyanins behavior in each extract as a func-
tion of concentration for the DCCR parameters, obtaining a value of
26–38 mg/g and 24–28 mg/g anthocyanins for the 2nd step with
ethanol and 3rd step with water, respectively.
4. Conclusions
The sequential extraction process using solvents with differ-
ent polarities to extract the phenolic compounds from purple
corn cob was effective. In general, the higher yields and pheno-
lics content were obtained in the aqueous extract, except for the
anthocyanins concentration, which was higher in the ethanolic
extraction. The experimental design, combined with RSM response
surface methodology can well describe the effect of the process
variables and optimize the best operating conditions to obtain a
high yield of phenolic compounds. This study reveals than the
extract of purple corn cob as a good source of anthocyanins, phe-
nolics, flavonoids, and demonstrated high antioxidant capacity;
consequently it may  be considered as a promising food grade ingre-
dient.
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a  b  s  t  r  a  c  t
Supercritical  carbon  dioxide  (scCO2), ethanol  (EtOH),  and  water  are  considered  GRAS  (Generally  Recog-
nized  as  Safe)  solvents.  They  exhibit  considerable  advantages  in  the extraction  of  phenolic  compounds
with  a wide  range  of polarities,  such  as the  anthocyanins  found  in  purple  corn  (Zea mays  L.).  To eval-
uate  the  effect  of ethanol  and water  as co-solvents  in  the  scCO2 extraction  of  phenolic  compounds  of
purple  corn  cobs,  extracts  were  obtained  at 400 bar and  50 ◦C using  EtOH  (CE), water  (CW),  and  mix-
tures  of EtOH/water  50%  (CE50),  and  EtOH/water  70%  (CE70) as co-solvents  of scCO2. The  overall  yield
(X0), the  extraction  yield  of total  monomeric  anthocyanins  (TMA),  total  phenolics  (TP), total  flavonoids
(TF)  were  determined  in  the  extracts,  as  well  as  the  antioxidant  activity  (AA)  expressed  as  EC50/DPPH,
color,  and  presence  of  specific  anthocyanins  by HPLC.  The  lowest  extraction  yield  (4.15%)  was  obtained
when  ethanol  was  used  as  co-solvent  (CE),  and  the  highest  yield  (24.4%)  was  observed  when  using a
mixture  of EtOH/water  (70%,  CE70)  as  co-solvent.  The  presence  of EtOH  and  water  was  essential  to  obtain
concentrated  phenolic  extracts,  with  values  around  66  mg cyanidin-3-glycoside  equivalent  per  gram  of
dried  extract,  290  mg  gallic  acid equivalent  per  gram,  and  117  mg  catechin  equivalent  per  gram,  and
antioxidant  activity  of CE50 =  31  g/mL  by  DPPH.
© 2016  Elsevier  B.V.  All  rights  reserved.
1. Introduction
There is a growing interest in plant extracts containing bioactive
compounds with beneficial effects on human health. The potential
risks associated with the use of synthetic products, combined with
restrictive legislative actions have led to increased consumption of
natural products [1,2].
Among  these compounds, special interest has been focused on
anthocyanins, since they represent a class of substances responsible
for color of fruits and vegetables, and are considered as possi-
ble substitutes for synthetic dyes in foods [3]. Besides its coloring
and dyeing capacity, these compounds also have anticarcino-
genic properties [4–6], and antioxidant [7,8] and anti-inflammatory
activities [8]. The anthocyanins present in purple corn, cobs and
pericarp seeds have previously been characterized, and the major
anthocyanins found were cyanidin-3-glucoside, pelargonidin-3-
∗ Corresponding author.
E-mail address: facabral@unicamp.br (F.A. Cabral).
glucoside and peonidin-3-glucoside [9–12], thus being used to
make juices, jams, syrups and jellies [13,14].
Recently, several authors [15,16] have studied different tech-
niques for obtaining extracts concentrated in phenolic compounds.
In one previous work [9] we compared different purple corn matri-
ces, where the cob and pericarp provided the greatest content
of compounds phenolic, where the sequential extraction process
using solvents with different polarities reached high global yield.
In other work [10] we  optimized the extraction of phenolic com-
pounds from corn cob by sequential extraction.
Although the extraction with supercritical carbon dioxide
(scCO2) is considered a promising alternative for sustainable and
safe extraction [17,18], the polar nature of many bioactive com-
pounds of interest as polyphenols and anthocyanins requires the
addition of co-solvent to scCO2 (nonpolar) to increase the affin-
ity [19] and solubility of polar compounds, resulting in a higher
yield [20,21]. Water (polarity = 9.0) and ethanol (polarity = 5.2) have
been widely used as co-solvents due to their low cost, besides being
green solvents, with the possibility of direct use in foods and phar-
maceuticals. Furthermore, the use of water-ethanol mixtures as
http://dx.doi.org/10.1016/j.supflu.2016.07.019
0896-8446/© 2016 Elsevier B.V. All rights reserved.
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Table 1
Characterization of raw material.
Properties Cob Methodology Reference
dmg (mm)  0.52 ± 0.04 ASAE [27]
Volatiles + moisture (%VU) 6.35 ± 0.01 Gravimetric [28]
Moisture (%U) 4.2 ± 0.5 Karl-Fisher [29]
r (g/cm3) 1.40 ± 0.01 Helium gas pycnometry –
a (g/cm3) 0.344 ± 0.001 – [30]
 0.754 ± 0.006 ε = 1 − (a/r ) [31]
dmg: particle diameter; : porosity; re a: real and apparent density of the particle
respectively.
co-solvents has been shown to be more effective in the extraction
of phenolic compounds [22–25] with higher yield [26].
Thus,  the present study aimed to evaluate the effect of ethanol,
water and ethanol/water mixtures as co-solvents of scCO2 for
obtaining extracts from purple corn cobs (Zea mays L.), evaluat-
ing the overall extraction yield, phenolics, flavonoids, majoritarian
anthocyanins, color, and antioxidant activity.
2. Material and methods
2.1.  Raw material and reagents
Purple corn cob (Zea mays L.) samples were acquired in the Peru-
vian market. Table 1 shows the characterization of the crushed
raw material. More details on methodologies and reagents were
described by Monroy et al. [9].
2.2.  Extraction with scCO2 and co-solvents
Fig. 1 shows the extraction equipment using a mixture of
CO2 and co-solvent. More details can be seen in previous studies
[32–35]. A standard procedure was adopted to prepare the extrac-
tion vessel. A 50 mL  extraction cell was  used. One of the extremities
of the cell was closed and 5 g approximately of sample were added.
Then, completed with glass beads.
2.3. Extraction procedures
The  crushed corn cob was  subjected to extraction in a fixed
bed extractor at 50 ◦C and 400 bar, using scCO2 as solvent, and
ethanol (EtOH), water (H2O), and EtOH/H2O mixture as co-solvents,
as shown in Fig. 2. Where (CE) is 70% CO2 + 30% EtOH, (CW) is
65% CO2 + 35% H2O, (CE50) is 66% CO2 + 34% of (EtOH 50% + H2O
50%) mixture, and (CE70) is 68% CO2 + 32% of (EtOH 70%/H2O 30%)
mixture. The average flow rates were: scCO2 at 1.65 g/min, EtOH
at 0.9 mL/min (0.707 g/min), water at 0.9 mL/min (0.9 g/min), 50%
EtOH at 0.9 mL/min (0.845 g/min), and 70% EtOH at 0.9 mL/min
(0.793 g/min).
2.4. Analysis of the extracts
The  overall extraction yield (X0) was used as comparison param-
eter, which expresses the ratio of the total mass of extracted solids
and the mass of plant matrix used in the extraction process. The
total monomeric anthocyanins (TMA), total phenolics (TP), total
flavonoids (TF), antioxidant activity (AA), and color of the extracts
Fig. 1. Schematic diagram of experimental procedure of supercritical extraction with co-solvent.
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Fig. 2. Scheme of the extraction process. The flow rates were adjusted to 25 ◦C and 0.93 bar, with densities:  (CO2) = 1.65 g/L,  (EtOH) = 0.79 g/mL,  (water) = 1.0 g/mL, 
(50% EtOH) = 0.939 g/mL, and  (70% EtOH) = 0.83 g/mL.
Table 2
Methods of analysis of the extracts.
Composition  (nm) Expressed as References
Total Monomeric
Anthocyanins (TMA)
by
pH  differential
method
510  and 700 Cyanidin-3-glucoside
equivalent per gram of
extract  (C3G/g extract)
[7]
Total  phenols (TP) 750 Gallic acid equivalent per
gram  of extract (mg  GAE/g
extract)
[36]
Total  flavonoids (TF) 510 Catechin equivalent per
gram  extract (mg  EC/g
extract)
[37]
Antioxidant  capacity
(AA)  DPPH
517  Effective concentration
(EC50 in g/mL), AA
(EC50/DPPH).
[38]
Color using CIELAB color
coordinates  (L*, a* e b*)
[39]
were determined by several methods, as shown in Table 2. More
details are described in Monroy et al. [9].
2.5. High performance liquid chromatography – HPLC for
anthocyanins
The  types of anthocyanins were identified in a chromatographic
system LC-DAD Waters Alliance composed of Waters 2695 pump,
Waters 2996 detector and Empower software. Chromatographic
separations were performed using a reverse phase column C-18
Waters Nova-Pak (150 × 3.9 mm,  44 m,  with pre-column). The
mobile phase comprised a mixture of 10% acetic acid (A) and
methanol (B), at a flow rate of 0.5 mL/min. The elution gradient was
0–15 min, 92–75% A and 8–25% B. Further details of the methodol-
ogy have been reported by Monroy et al. [9].
Fig. 3. Extraction kinetics of purple corn cob (Zea mays L.) at 50 ◦C and 400 bar.
3. Results and discussion
3.1.  Yield and composition of extracts
Fig. 3 shows the extraction kinetic curves with respect to the
global yield Xo, using ethanol, water, and ethanol/water mixtures
as co-solvents to scCO2.
The  highest extraction global yields of 24.4% and 21.6% were
obtained when the ethanol/water mixtures CE70 and CE50 were
used as co-solvents, respectively, and the lowest global yields of
16.8% and 4.15% were obtained when using water (CW) or ethanol
(CE) as co-solvents. Don’t was used exactly the same percentage
for all co-solvents, but its variation was  only from 32 to 35% when
water and water/ethanol mixtures were used. In these cases the
water solubility in scCO2 is very low and so it is possible the two
phase formation. Chemical analysis of the ethanolic extracts was
not performed due to low extraction yield. The different kinetic
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Table 3
Mean  concentration and yields (R) of TMA, TP, TF and AA (EC50/DPPH) of the extracts in the different extraction conditions.
Solvent X0 (%) TMA  TP TF AA
C1 R C3 R C2 R C4
CE 4.15 – – – – – – –
CW  16.8 57 ± 4 9.6 ± 0.7 252 ± 10 42.3 ± 1.7 91 ± 2 15.3 ± 0.3 41.2
CE50 21.6 64 ± 4 14 ± 1 254 ± 11 54.9 ± 2.4 91 ± 2 20 ± 1 40.0
CE70 24.4 67 ± 2 16  ± 1 291 ± 10 71.0 ± 2.4 117 ± 6 29 ± 1 31.3
X0: Extraction yield (%, d.m.), C1: concentration (mg  C3G/g extract), C2: concentration (mg  GAE/g extract), C3: concentration (mg  EC/g extract), C4: effective concentration
EC50/DPPH (g/mL), R: yield (mg/g cob)
behavior is due to high density and polarity of the solvent mix-
tures and co-solvents, which can lead to solubilization of different
compounds in the raw material [40–42].
As reported by Iheozor-Ejidor [43], the use of water as co-solvent
in scCO2 extraction of rosavin from Rhodiola rosea roots resulted in
a higher yield of the compound of interest due to the ability of
water to interact with the polar portions located at the end of the
molecule. Martinez-Correa et al. [44] found higher flavonoids con-
centrations in aqueous extracts than ethanol extract from Baccharis
dracunculifoli leaves. Santos et al. [45] observed that CO2 + EtOH
mixture produced extracts from Eucalyptus globulus Labill bark
with higher polyphenol content, total yield, and antioxidant activ-
ity than using pure or modified CO2 with water or ethyl acetate.
Therefore, due to the polarity of the polyphenols, a greater
recovery is expected with the addition of polar co-solvents or with
intermediate polarity. Furthermore, the co-solvent may  increase
the density of the fluid mixture, leading to swelling of the solid
particles, helping to break chemical bonds and release soluble com-
pounds [46], thus improving the internal diffusion process and
solubilization of various classes of compounds [47–50].
Table 3 shows the concentrations and yields of TMA, TP, TF,
and antioxidant activity AA (EC50/DPPH) of the extracts. The CE70
extract showed greater overall yield, more concentrated in TMA, TP,
and TF, also resulting in an extract with higher antioxidant activity
(EC50 = 31.3 g/mL).
The  extraction curves in Fig. 4 show the yield and composi-
tion of the extracts (point to point), showing the respective yields
Fig. 4. Yield kinetics (a, c, e), phenolic compounds (TMA, TP, and TF) (b, d, f) of the extracts from purple corn cob (Zea mays L.) using CW,  CE50, and CE70 in a single step
extraction at 50 ◦C and 400 bar.
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Fig. 5. H-bond donating ability (a) and DPPH radical scavenging activity of extracts from purple corn cobs (Zea mays L.) (b).
Fig. 6. Antioxidant activity expressed as EC50 for the different extracts of purple corn cob (Zea mays L.).
and anthocyanins content (TMA), total phenols (TP), and total
flavonoids (TF). The anthocyanin values (TMA) were expressed in
equivalent of cyanidin-3-glucoside (C3G)/g extract, measured by
the pH differential method, since previous studies have reported
this anthocyanin as the most abundant in Purple corn (Zea mays L.)
[12]. According to Fig. 4, the content of phenolic compounds in the
extracts did not vary with the extraction time, and the average phe-
nolics recovery (Table 3) between CW and CE70 ranged from 9.6 to
16 mg  C3G; 42.3–71.0 mg  GAE; and 15.3–29 mg  EC per gram of cob,
for total anthocyanins, total phenolics, and total flavonoids, respec-
tively. In general, extraction using 70% EtOH as co-solvent yielded
45%, higher than the value observed when water (CW) was  used
as co-solvent. Also, they were more concentrated in compounds
of interest, with yields around 70% higher in anthocyanins, total
phenolics, and flavonoids. When comparing the extracts obtained
in this study (CE70 extract) with the extracts obtained in previ-
ous studies by our research group [9,10] on sequential extraction
using scCO2, EtOH and water (similar conditions temperature and
pressure), higher values were observed in the present study, with
24.4% overall yield, 16 mg  TMA, 71.0 mg  TP, and 29 mg  TF against
the sequential extraction with 22.3% overall yield (sum of the three
extracts), 12.71 mg  TMA, 58.1 mg  TP, and 18.7 mg  TF per gram of
cob [9].
The antioxidant activity of the extracts is usually due to the pres-
ence of phenolic compounds. The DPPH test provides information
on the activity of the compounds having stable free radicals. Fig. 5a
shows the effect of DPPH which is assumed to be due to its ability
to donate hydrogen; In Fig. 5b, shows the antioxidant activity (AA)
as a function of the extract concentration. The results of DPPH scav-
enging capacity showed that the AA values increased rapidly with
the extract concentration to reach a maximum value of approxi-
mately 95% for all extracts. After reaching this maximum value, AA
remained practically constant.
The  antioxidant activity was also represented in terms of effec-
tive concentration (EC50/g/mL), Fig. 6, which is defined as the
extract concentration that causes 50% decrease of the initial DPPH
activity [51]. The higher the EC50 values, the lower the antioxi-
dant activity; therefore, the extracts obtained with CE70 provided
the highest AA. This behavior can be due to the high antioxidant
capacity of anthocyanins, which are considered the strongest radi-
cal scavenger among all natural phenolic compounds [52,53], thus
the following order of antioxidant activity was obtained (from low-
est to highest CE50): CE70 < CE50 < CW with values of 31, 40, and
41 g/mL respectively. A high antioxidant activity was observed in
all cases, because EC50 values were less than 50 g/mL [54].
Fig. 6 was built to correlate the EC50 activity by DPPH assay with
the total phenolics content of corn purple cobs extracts, using the
EC50 versus concentration (mg  GAE/g). The correlation between
the total phenolics content and EC50 values showed increased
antioxidant activity with increasing the total phenolics content (mg
GAE/g).
Overall, the effect of different co-solvents in the extraction was
very significant. It is noted on Table 3 and on Fig. 6 that the bio
compounds content in the final ratio S/F = 110 was higher when
the CE70 was  used, suggesting that the mixture of EtOH/water is
able to dissolve a greater variety of phenolic compounds.
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Fig. 7. Color parameters L* and ATM of the extracts from purple corn cobs (Zea mays L.) using extraction with co-solvent.
Fig. 8. Chromatograms obtained by HPLC at 510 nm,  highlighting the majoritarian anthocyanins in scCO2 extract using CE70 as cosolvent. Peaks: (1) cyanidin-3-glucoside;
(2)  peonidin-3-glycoside, and (3) pelargonidin-3-glycoside.
3.2. Correlations between the TMA  and the color parameters
With respect to the color parameters L*, a*, b*, hab, and Cab* of
the extracts, positive values were observed for the coordinate a*
and negative values for the coordinate b*, representing red color
and a tendency to yellow, respectively. The L* parameter showed
low values indicating very intense color of all extracts (L* = 0, black).
The Hue angle (hab) and Cab* values were obtained from the com-
bination of the coordinates a* and b*. In Fig. 7 a positive correlation
was observed between L* and TMA  concentration, which was also
reported by Nour et al. [55]. In addition, a positive correlation was
also observed between Cab* and TMA, with Cab* values as a func-
tion of the TMA  concentration. These results are consistent with the
results reported by Montes et al. [56], who studied the correlation
between production of anthocyanins and C* and L* in jabuticaba
fruits, and Yang et al. [57] who studied purple corn.
3.3. High-performance liquid chromatography (HPLC) for specific
anthocyanins
HPLC  analysis was used to quantify the majoritarian antho-
cyanins in the extract from purple corn cob, and the identification
was made by comparing their retention times with standards.
Table  4 shows the percentage of each type of anthocyanin and
their retention times, indicating a high proportion of Cy-3-Glu, with
69.64% (CW), 63.8% (CE50), and 62% (CE70) in the extracts, with
retention time of 8.14 min.
The chromatogram in Fig. 8 shows the three peaks quantified by
HPLC, indicating the existence of major anthocyanins, being peak
Table 4
Percentage of each anthocyanin identified by HPLC at different retention times (RT)
in min.
scCO2 + Co-solvent Cy-3-Glu (%) Pn-3-Glu (%) Pg-3-Glu (%)
7.89 (RT) 10.37 (RT) 12.06 (RT)
CW 69.6 9.60 20.8
CE50 63.8 13.6 22.6
CE70 62.0 16.0 22.0
1 (cyanidin-3-glucoside), peak 2 (peonidin-3-glucoside), and peak
3 (pelargonidin-3-glicoside). The chromatographic profiles were
similar to those found in the literature [7,12,58–64] using conven-
tional extraction.
Fig.  9 shows the behavior of the anthocyanins in the extract as a
function of concentration and extraction time, indicating a higher
anthocyanin concentration when CE70 was used as co-solvent, with
mean value of 34 ± 2 mg  cyanidin/g, and 67 mg/g by differential pH
method.
4. Conclusion
The extraction yield of phenolic compounds of purple corn cobs
(Zea mays L.) using supercritical carbon dioxide as solvent and EtOH,
water, and their mixtures as co-solvent was greatly influenced by
the cosolvent employed. Extraction with scCO2 using 70% EtOH as
co-solvent (CE70) stood out with higher extraction yield of com-
pounds of interest. This result may  be useful to better understand
the selectivity in scCO2 extraction with different co-solvents.
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Fig. 9. Majoritarian anthocyanins of the cob (510 nm)  of the extracts obtained with co solvent for: CW (a) CE50 (b) and CE70 (c) measured by HPLC.
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Abstract 
The extraction and composition yields of the extracts obtained were compared: 
1) via supercritical fluid extraction (SFE) with CO2 as solvent and EtOH-H2O 
(70:30, v/v) as co-solvent, 2) via pressurized liquid extraction (PLE) with EtOH-
H2O (70:30, v/v) as solvent at 400 bar and temperature of 50 °C and 60 °C and, 
3) via two conventional extraction processes, stirred vessel and Soxhlet, with 
different proportions of EtOH-H2O mixture, to effectively extract biocompounds 
from the Peruvian purple corn pericarp (Zea mays L.). The following items were 
measured: exact and global extraction yield and composition of extracts 
regarding contents of total phenolics, total flavonoids, total monomeric 
anthocyanins, cyanidin-3-glucoside, peonidin-3-glucoside and pelargonidin-3-
glucoside. Antioxidant activity by DPPH and in vitro antiproliferative activity 
were also evaluated considering seven cancer cell lines. High supercritical 
extraction yields at 60 °C and higher contents of phenolic compounds followed 
by a high antioxidant activity at 50 °C were obtained. Antioxidant activity 
showed good correlation with the content of phenolic compounds, but there was 
no antiproliferative activity. 
 
 
 
 
Keywords: purple corn pericarp, supercritical extraction, high pressure 
extraction, extraction in stirred vessel, soxhlet extraction, carbon dioxide, water, 
ethanol, phenolic compounds, anthocyanins, antioxidant activity, 
antiproliferative activity.    
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6.1. Introduction 
Anthocyanins belong to the class of flavonoids, being responsible for the 
purple, blue and red colors. Flavonoids are natural compounds found in a wide 
variety of plant foods. They belong to the class of polyphenols and have 
antioxidant activity. As natural coloring, anthocyanins have wide application in 
the food, pharmaceutical and cosmetic industries [1, 2]. Potential risks 
associated with the use of synthetic products, combined with restrictive 
legislative actions, led to the increase of consumption of natural products [3, 4]. 
The Peruvian purple corn (Zea mays L., maiz morado, in Spanish) is 
characterized by high contents of anthocyanins. For a long time, its extracts 
were used as coloring agents for food and beverages. The refreshing traditional 
drink named “chicha morada” is prepared by immersing the cob into boiling 
water [5]. The main anthocyanins found were cyanidin-3-glucoside, 
pelargonidin-3-glucoside and peonidin-3-glucoside [6-9].  
Studies have shown that phenolic compounds, especially anthocyanins, 
have beneficial effect on health when consumed frequently, preventing the cell 
degeneration or mutation and thus, the appearance of diseases such as heart 
failure, hypertension, obesity, colon, esophagus, lung, liver, breast and skin 
cancer, cerebrovascular disease, aneurysm rupture and renal injury. Moreover, 
they have anticarcinogenic properties [10-12], antioxidant activity [13, 14] and 
anti-inflammatory activity [14]. 
Recently, several authors [15, 16] have studied different techniques to 
obtain concentrated extracts with phenolic compounds. Although the extraction 
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with supercritical carbon dioxide (scCO2) is considered a promising alternative 
for safe and sustainable extraction [17, 18], the polar nature of many bioactive 
compounds of interest such as polyphenols and anthocyanins require addition 
of co-solvent (polar) to scCO2 (nonpolar) to increase the affinity [19] and 
solubility of polar compounds, resulting in higher yield [20, 21]. Water (polarity = 
9.0) and ethanol (polarity = 5.2) have been widely used as co-solvents due to its 
low cost, besides being “green solvents”, with the possibility of direct use in 
foods and pharmaceutical products. In addition, water-ethanol mixtures as co-
solvents proved to be more effective for extracting phenolic compounds [22-25] 
with higher yield [26]. 
Supercritical extraction has considerable advantages over conventional 
methods: the solvent is easily removed from the solute; little or no organic 
solvent is used, allowing a quick extraction; and it works at low temperature, 
favoring the extraction of volatile and thermolabile products [27, 28].  
The in vitro antiproliferative activity tests, which direct the research to 
molecules with such action potential on neoplastic cells in culture, are the most 
widely used [29, 30]. This kind of analysis, for presenting conditions to assess 
various substances in a short time, increases the possibility to discover new 
anticancer drugs. Moreover, it is a relatively simple, inexpensive, reproducible 
technique and provides a potential mechanism of drug action [31]. 
Thus, this study aimed to evaluate the effect of ethanol, water and 
ethanol/water mixture as co-solvents of scCO2 and solvents to extraction 
processes with pressurized liquid (PL), Soxhlet (SOE) and stirred vessel (SVE) 
to obtain extracts from the purple corn pericarp, through the evaluation of the 
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yield of global extraction, phenolics, flavonoids, majority anthocyanins, color, 
antioxidant activity and antiproliferative activity. 
6.2. Materials and methods 
6.2.1.  Raw material and reagents  
Samples of purple corn pericarp (Zea mays L.) were acquired in the 
Peruvian market. Table 6.1 shows the characterization of ground raw material. 
More information on different methodologies and reagents for the 
characterization of raw material were described by Monroy et al. [8]. 
 
Table 6.1 - Characterization of pericarp of purple corn (Zea mays L.) 
Properties   Pericarp  Methodology   Reference  
dmg (mm)  0.50  ASAE  [32] 
Volatiles + moisture (%VU)  15.4 ± 1.4  [33]  [33] 
Moisture (%U)  12.1 ± 2.5  Karl-Fisher  [34] 
ρr (g/cm
3)  1.37 ± 0.01  Helium gas pycnometer  - 
ρa (g/cm
3)  0.386 ± 0.006  -  [35] 
Ԑ  0.718 ± 0.006  )/(1 ra     [36] 
dmg: particle diameter; ε: porosity; ρr e ρa: real and apparent densities. 
 
 
6.2.2. Supercritical fluid (SFE) and pressurized liquid (PLE) extraction 
The SFE process with a CO2 mixture and co-solvent is shown in Fig. 6.1. 
More details can be found in previous studies [37, 38]. The same experiment for 
the SFE system was used for PLE experiments. In these methods, the same 
pump was used for pumping EtOH-H2O (70:30, v/v) as a solvent in PLE or as 
co-solvent of the SFE. Previously, the extraction cell was filled with ~5 g of 
ground pericarp and the cell volume remaining was completed with glass balls. 
Fig. 6.2 shows the scheme of the processes, using a mixture of EtOH-H2O 
(70:30, v/v) as co-solvent to SFE and as a solvent to PLE. The mean flow rate 
of scCO2 was 1.65 g/min and of EtOH-H2O (70:30, v/v) was 0.9 mL/min (0.793 
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g/min), controlled by a high-pressure pump. Experiments were conducted at two 
temperature levels, 50 °C and 60 °C, and one pressure level of 400 bar for an 
extraction period of 172 min.  
 
Fig. 6.1. Schematic diagram of the experimental procedure of supercritical 
extraction with SFE and PLE. 
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Fig. 6.2 - Extraction process scheme for SFE (a) and PLE (b): ρ (CO2) = 1.65 g/L, ρ 
(EtOH-H2O) (70:30, v/v) = 0.83 g/mL. 
6.2.3. Extractions at atmospheric pressure 
 
Soxhlet (SOE) and stirred vessel (SVE) extraction techniques were 
carried out aiming to compare the extracts obtained under high pressure 
via SFE and PLE Fig. 6.3. Stirred vessel (SV) extraction was conducted in 
shaker, adding 2 g of ground material and 25 mL of EtOH-H2O mixture of 
different proportions of EtOH:H2O (0:100, 10:90, 20:80, 30:70, 40:60, 
50:50, 60:40, 70:30, 80:20, 90:10 e 100:0 v/v) to 250 mL Erlenmeyer 
flasks under the conditions of 150 RPM and at 50 °C for 6 h. In soxhlet 
extraction, ~5 g of the material was used with 150 mL of the 
hydroalcoholic solvent in different percentages EtOH:H2O (0:100, 30:70, 
50:50, 70:30 and 100:0, v/v), for 3 h.  
 
Fig. 6.3. Scheme of soxhlet extraction (a) and (b) stirred vessel process 
 
6.2.4. Analysis of the extracts  
The overall extraction yield (X0) was used as one of the comparison 
parameters, which expresses the total mass proportion of extracted solute and 
mass of the plant matrix used in the extraction process. Table 6.2 shows the 
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methodology used for the extracts, total monomeric anthocyanins (TMA) by pH 
differential method with readings made at 510 nm and 700 nm, and absorbance 
calculated by Equation (1), and concentration expressed as cyanidin-3-
glucoside per gram of extract according to Equation (2).   
5,4700max0,1700max )()( pHnmpHnm AAAAA                               (1)        
xb
AxMMxDF
TMA

                                                                                              (2) 
 
Where: TMA = concentration of monomeric anthocyanins (g/L); A = 
absorbance calculated by Equation 1; MM = molar mass of cyanidin-3-glucoside 
(449.2 g.mol-1); = Coefficient of molar absorption of cyanidin-3-glucoside 
(26.900 L.cm-1.mg-1); DF = dilution factor; b = length of the cuvette path length 
in spectrophotometer (cm). 
Total phenolics (TP) were determined by the Folin-Ciocalteu reagent with 
reading at 750 nm, expressed as equivalent of Gallic acid. The total flavonoids 
(TF), with reading at 510 nm expressed as equivalent of catechin. For the 
antioxidant activity, the radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) measured 
at 517 nm, being expressed as the effective concentration (EC50, µg/mL), which 
represents the concentration responsible for a 50% decrease in the initial DPPH 
activity, indicating that the lower the EC50 value the greater the antioxidant 
activity. Spectrophotometric readings of methodologies mentioned were 
conducted in a spectrophotometer (UV-VIS lambda 40, Perkin Elmer, USA). 
The color was determined according to CIELAB parameters, in a 
spectrophotometer Ultra ScanVis Hunter Lab (Riston, Virginia, USA) – more 
details about all methodologies are described by Monroy et al. [9]. 
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Table 6.2 - Analysis methods of the extracts from the purple corn pericarp 
Method  λ (nm)  Expressed as  Reference 
 
Total monomer anthocyanins  
(TMA)  
by pH differential method  
 
 
510  
and 
700 
  
Equivalent of cyanidin-3- 
glucoside per gram of extract 
(C3G/g extract) 
 
 
[13] 
 
 
 
Total phenolics (TP) 
 
  
750 
 
 
  
Gallic acid equivalent per gram 
of extract (mg GAE/g extract) 
 
[39] 
 
 
 
Total flavonoids (TF) 
 
 
 
510 
 
 
  
Catechin equivalent per gram 
of extract (mg EC/g extract) 
 
[40] 
 
 
Antioxidant activity (AA) DPPH 
 
 
517 
 
 
 
Effective concentration (EC50 in 
μg/mL), AA (EC50/DPPH). 
  
[41] 
 
 
Color 
 
 
 
  
Using CIELAB color 
coordinates (L*, a* e b*) 
 
 
 
[42] 
 
 
 
 
6.2.5. High-performance liquid chromatography – HPLC for anthocyanins 
 
Specific anthocyanins, such as cyanidin-3-glucoside (Cy-3-Glu), 
peonidin-3-glucoside (Pn-3-Glu) and pelargonidin-3-glucoside (Pg-3-Glu), were 
identified in a chromatographic system LC-DAD Waters Alliance composed of 
Waters 2695 pump, Waters 2996 detector and Empower software. Using the 
column C-18 Waters Nova-Pak (150 × 3.9 mm, 44 μm, with pre-column). Two 
mobile phases were selected, comprising a mixture of 10% acetic acid (A) and 
methanol (B), with a flow rate of 0.5 mL/min. The elution gradient was 0-15 min, 
92-75% A and 8-25% B, injection volume was 10 µL in conditions of 30 °C and 
detection of 510 nm, where anthocyanins were identified by retention times and 
UV spectra.   
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6.2.6. In vitro antiproliferative activity tests 
The in vitro antiproliferative activity tests were conducted as described by 
Monks et al. [43]. Seven human tumor cell lines provided by Frederick Ma 
(National Cancer Institute, Bethesda, MD, EUA) were used, as listed in Table 
6.3. Stock and experimental cultures were cultivated in medium with 5 mL of 
RPMI 1640 (GIBCO BRL) supplemented with 5% of fetal bovine serum (GIBCO 
BRL). The penicillin/streptomycin mixture (1000 U/mL: 1000 lg/mL, 1 mL/L of 
RPMI) was added to the experimental cultures. The cells in 96-wells plates (100 
lL cells well1) were exposed to sample concentrations in DMSO/RPMI (0.25, 
2.5, 25, 250 lgmL1) at 37 °C and incubated in CO2 atmosphere at 5% for 48 h, 
using doxorubicin as positive control. 
 
Table 6.3 - Cell lines used in anticancer activity tests. 
Cell Type Code ID* (x 10
4 
cells/mL) 
Lung  NCI-460  4.0 
Breast  MCF-7  6.0 
Leukemia K562  6.0 
Resistant ovary** NCI-ADR  5.0 
Colon  HT-29  4.0 
Prostate  PC-O3  5.0 
Melanoma  UACC-62  5.0 
Ovary  OVCAR-03  7.0 
Renal  786-0  4.5 
*inoculation density, **line that expresses resistant phenotype to multiple drugs. 
 
 
6.3. Results and discussion  
 
6.3.1. Extraction kinetics using SFE and PLE 
Fig. 6.3 shows the extraction curves represented by the overall yield as a 
function of the ratio (S/F), using EtOH-H2O (70:30, v/v) as co-solvent to SFE 
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and as a solvent to PLE, at pressure of 400 bar and temperatures of 50 and 
60 °C. A higher yield was observed in temperature at 60 °C to SFE with 29.1%, 
followed by the extraction by SFE at 50 °C with 25.4%. 
The kinetic behavior is due to the high density and the polarity of the 
mixtures, which can lead to solubilization of different compounds in the raw 
material [27, 44, 45]. 
 
 
Fig. 6.4. Kinetic curves of the purple corn pericarp extraction (a) with CO2 as solvent 
(SFE) and EtOH-H2O (70:30, v/v) as co-solvent, and (b) PLE (pressurized liquid 
extraction) with EtOH-H2O (70:30, v/v) as solvent at 400 bar and 50
oC and 60oC. 
 
The yield results of 29 and 25% of this study are higher than the 23.8% 
obtained previously by Monroy et al. [9] for purple corn pericarp in sequential 
extraction divided into three steps with scCO2 in the first step, followed by EtOH 
and water in the second and third steps, indicating that supercritical extraction 
with co-solvent is more advantageous than sequential extraction, because it 
uses less solvents and produces higher extract yield.   
 
For other sources of raw materials of anthocyanic phenolic compounds, 
as in the research of Cavalcanti et al. [17] on the supercritical extraction of 
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jabuticaba (Myciaria cauliflora), higher yield of anthocyanic compounds were 
obtained with lower manufacture cost at 323 K and 200 bar using ethanol as co-
solvent of scCO2. In a study conducted by Serra et al. [46], for the extraction of 
Portuguese cherries, at high pressure with supercritical CO2 followed by 
extraction with CO2 and ethanol at different percentages (90:10, v/v) under the 
conditions of 50 °C and 25 MPa, it was showed that in the first step with scCO2, 
low yields, low concentration of phenolic compounds and low antioxidant activity 
were obtained compared to extracts obtained in the second step with CO2 + co-
solvent. The extract obtained with CO2:EtOH (90:10, v/v) showed the highest 
antioxidant activity (181.4 ± 23.7 μmol TEAC/g). 
Figs. 6.5a–6.5d show the results obtained in the extraction via SFE and 
PLE, in which the kinetics of extraction is observed, with the point yield (Y0) and 
contents of total phenolics (TP), of total flavonoids (TF) and total monomeric 
anthocyanins (TMA) in function of the ratio S/F (mass of the solvent in each 
point and mass of the pericarp of purple corn) and in function of extraction time 
(min). High overall yields in the first extracts of SFE were observed, in the range 
of ratio S/F from 5 to 32 at 50 °C and 5 to 18 at 60 °C. To the extracts obtained 
by PLE, high yields were observed in the range of S/F from 5 to 8 at 50 °C and 
60 °C with high contents of phenolics, followed by a small decrease of contents 
of phenolic compounds of extracts in the subsequent extracts. 
 Regarding the extraction kinetics of phenolic compounds for different 
extracts showed in Figs. 6.5a – 6.5d, a similar behavior to all extracts was 
observed, in which the first extracts have high contents of phenolic compounds 
followed by the decrease of such contents. 
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Fig. 6.5 - Point yield of extracts, phenolic compounds (ATM, TP and TF) to SFE (a and 
b) and PLE (c and d) at 50 °C and 60 °C, and constant pressure of 400 bar of extracts 
of pericarp of purple corn. 
 
Regarding the identification and quantification of the three specific 
anthocyanins, Cy-3-Glu, Pn-3-Glu and Pg-3-Glu, with retention times of 7.89 
min, 10.37 min and 12.06 min, respectively, Fig. 6.6 shows the behavior of its 
contents with the extraction times, detecting that Cy-3-Glu is the most abundant 
with very high values in the first extracts, obtaining values higher than 40 mg/g 
extract, as shown in Table 6.4, the contents range from 24 to 27 mg/g extract to 
Cy-3-Glu and from 4 to 5 mg/g extract to Pn-3 and Pg-3-Glu to different extracts 
obtained via SFE and PLE. 
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Fig. 6.6. Specific anthocyanins found in extracts of pericarp of purple corn, from 
extracts obtained via SFE (a,b) and PLE (c,d) at 50 °C and 60 °C. 
 
 
As expected, a higher content of total phenolic compounds in the extracts 
of pericarp of purple corn contributed to verify the high antioxidant activity, as 
shown in Figs. 6.7a – 6.7d, for the extracts obtained via SFE and via PLE, in 
which low values of EC50 (µg/mL) are shown, indicating high activity. In the 
study of six different corn varieties from China, Zhu et al. [47], demonstrated 
that there were positive correlations R2=0.9911 and R2=0.9873 between 
anthocyanins and elimination activity of radicals of superoxide anions or power 
of reduction, respectively.  
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Fig. 6.7. Comparison of antioxidant activity expressed as EC50 and total phenolics (TP) 
to extracts via SFE (a and b) and via PLE (c and d), of the pericarp of purple corn. 
 
6.3.2. Extraction in stirred vessel and in soxhlet 
Results of extractions conducted at atmospheric pressure in stirred 
vessel (SV) and soxhlet extractor (SO) were obtained using different 
proportions of ethanol/water mixture and are shown in Figs. 6.8a – 6.8f, 
showing values of extraction yield, contents of phenolic compounds (TP, TF and 
TMA) and specific anthocyanins (Cy-3-Glu, Pn-3-Glu e Pg-3-Glu). Via SV 
extracts had high yield in the range of EtOH-H2O (40:60-70:30, v/v) 
concentration and high contents of phenolic compounds in the range of EtOH-
H2O (70:30-100:0, v/v) while for the specific compounds in the range of EtOH-
H2O (60:40-90:10, v/v). To the extracts obtained via SO using EtOH-H2O (70:30 
e 100:0, v/v), high yields, high contents of phenolic compounds and of specific 
compounds were obtained. Ramos Escudero et al. [7] evaluated different 
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percentages of methanol:water MeOH:H2O acidified with HCl at 1% in the 
conventional extractions, finding high contents of phenolic compounds when the 
MeOH:H2O 80:20. mixture was used. 
 
Fig. 6.8 - Global yield of extracts (a and d), TP, TF and ATM concentrations (b and e), 
specific anthocyanins concentration (c and f) to the extracts obtained via stirred vessel 
(a, b and c) and via soxhlet (d, e and f) of pericarp of purple corn. 
 
6.3.3. Comparison between extraction methods  
Table 6.4 shows data on overall yield (X0) (mg/g of pericarp) to SFE, 
PLE, SV and SO, total phenolic yield and concentration (TP) (mg EC/g extract), 
total flavonoids (TF) (mg EC/g extract), total monomeric anthocyanins (TMA) 
(mg C3G/g extract), cyanidin-3-glucoside (Cy-3-Glu) (mg/g extract), peonidin-3-
glucoside (Pn-3-Glu) (mg/g extract), pelargonidin-3-glucoside (Pg-3-Glu) (mg/g 
extract) and antioxidant activity values expressed in EC50 (µg/mL). Extract 
contents of phenolic compounds of SFE and PLE extractions were considered 
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the mean of kinetics shown in Figs 6.5 – 6.7 in the two temperatures used. And 
for the extracts obtained via SV and SO, values using EtOH-H2O (70:30, v/v) as 
solvent were considered, showing values for X0, PT, FT and specific 
compounds of Fig. 6.8. It is observed that all types of extraction shown in Table 
6.4 have high overall yields between 20 and 29%, but the extracts obtained at 
high pressure by supercritical or pressurized liquid extraction had higher 
contents of phenolic compounds and anthocyanins and consequently higher 
antioxidant activities.  
 
Table 6.4 – Concentration and yields of TP, TF, TMA and AA (EC50/DPPH) of 
extracts from pericarp of purple corn (Zea mays L.) in different extraction 
methods. 
Type of 
extraction 
X0: 
Overall 
yield (%) 
TP TF TMA 
C1 R1 C2 R2 C3 R3 
High pressure extraction 
SFE (50 °C) 25.4 405 ± 14 103 ± 4 113 ± 10 29 ± 3 81 ± 9 21 ± 2 
SFE (60 °C) 29.1 373 ± 19 109 ± 5 110 ± 7 32 ± 2 74 ± 6 22 ± 2 
PLE (50 °C) 21.7 404 ± 9 88 ± 2 99 ± 9 21 ± 2 75 ± 7 16 ± 2 
PLE (60 °C) 24.3 361 ± 16 88 ± 4 82 ± 6 20 ± 1 61 ± 7 15 ± 2 
Low pressure extraction 
SOE 70:30 22.3 100 ± 7 22 ± 2 70 ± 7 16 ± 2 22 ± 3 5 ± 1 
SVE 70:30 20.4 207 ± 10 42 ± 2 121 ± 8 25 ± 2 34 ± 5 7 ± 1 
        
Type of 
extraction 
AoA 
Cy-3-Glu Pn-3-Glu Pg-3-Glu 
C4 R4 C5 R5 C6 R6 
High pressure extraction 
SFE (50 °C) 8.1 26.8 ± 5.3 6.8 ± 1.3 5.1 ± 0.4 1.3 ± 0.1 4.4 ± 0.6 1.1 ± 0.1 
SFE (60 °C) 8.5 25.7 ± 5.2 7.5 ± 1.5 4.3 ± 0.4 1.3 ± 0.1 4.6 ± 0.8 1.3 ± 0.2 
PLE (50 °C) 9.8 26.1 ± 5.6 5.7 ± 1.2 5.2 ± 0.6 1.1 ± 0.1 5.1 ± 0.1 1.1 ± 0 
PLE (60 °C) 10.3 24.1 ± 5.5 5.9 ± 1.3 5.4 ± 0.6 1.3 ± 0.1 4.6 ± 0.8 1.1 ± 0.2 
Low pressure extraction 
SOE 70:30 15.5 24.9 ± 2.6 5.5 ± 0.6 1.6 ± 0.1 0.4 ± 0 6.2 ± 0.3 1.4 ± 0.1 
SVE 70:30 17.2 16.8 ± 0.8 3.4 ± 0.2 2.2 ± 0.3 0.4 ± 0.1 5.6 ± 0.8 1.1 ± 0.2 
X0: Extraction yield (%, d.m.), C1: concentration (mg GAE/g extract), C2: concentration (mg 
EC/g extract), C3: concentration (mg C3G/g extract) C4: effective concentration EC50/DPPH 
(µg/mL), R: yield (mg/g pericarp). 
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6.3.4. In vitro antiproliferative activity of extracts of pericarp of purple 
corn 
  Fig. 6.9a shows the action of doxorubicin chemotherapy drug in human 
tumor cells culture and relates the percentage of cell growth with chemotherapy 
drug concentration. Fig. 6.9b shows the extracts of pericarp of purple corn 
obtained via SFE at 50 °C and 400 bar were evaluated considering the same 
cells. 
Dose-response analysis of cell growth inhibition by the pericarp extract 
demonstrated no activation for the lines. Some studies with vegetable extracts 
rich in anthocyanins have shown antiproliferative activity: the purple potato had 
in vitro [48] and in vivo [49] antiproliferative activity; the aronia had 
antiproliferative activity in cervical tumor cell lines, [50], Serra et al. [46] 
demonstrated that in cherry extracts obtained with CO2:EtOH (90:10, v/v), there 
was higher antioxidant activity and it was the most effective in inhibiting the 
growth of human colon cancer cells (ED5096h = 0.20 ± 0.02 mg/mL).  
Several studies showed good antiproliferative activity, which may depend 
on the extraction method and the tumor cell lines used. Long et al. [11] reported 
the inhibition of cell proliferation in tumor line of prostate cancer, through 
inhibition of Gap 1 (G1) stage of cell cycle, Fukamachi et al. [51] reported 
inhibition of cell proliferation of breast cancer, the levels of RAS proteins 
(important protein to control cell multiplication and differentiation) were reduced 
in tumor cells. Purple corn may have good antiproliferative activity depending on 
the conditions of extraction and the tumor lines used. 
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Fig. 6.9. Concentration-response curve of chemotherapy drug doxorubicin (a) and of 
the extract obtained via SFE at 50 °C (b), relating percentage of growth versus 
concentration of sample. (UACC-62 – melanoma, MCF7 – breast, NCI/ADR-RES – 
ovary resistant to multiple drugs, 786-0 – kidney, NCI-H460 – lung, PC-3 – prostate, 
OVCAR-3 – ovary, HT29 – colon, K-562 – leukemia e VERO – non-tumor cell line). 
 
6.4. Conclusion 
Considering the hydroalcoholic extracts, the general extraction yield and 
the phenolic content of supercritical and hydroalcoholic extracts were widely 
influenced by the use of EtOH-H2O (70:30, v/v mixture) as co-solvent to SFE 
and as solvent to PLE. Concentration of phenolic compounds and antioxidant 
activity of the extracts obtained via PLE were slightly lower than those obtained 
via SFE. However, because the PLE process more inexpensive, faster and also 
has the main advantages of the SFE (environmentally friendly at moderate 
temperatures), it can be considered as a good alternative to extract bioactive 
compounds of the pericarp of purple corn. 
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A B S T R A C T
Extracts of green propolis were obtained by conventional process at atmospheric pressure and at high pressure
using supercritical carbon dioxide (scCO2) as solvent and, ethanol and water and its mixtures as solvents or as
CO2 co-solvents. All extracts were evaluated with regards to the total phenol content, total flavonoids, Artepillin
C, p-Coumaric Acid and Kaempferide and also was evaluated the antioxidant activity, and in vitro antimicrobial
activity. The highest overall extraction yields were 53.5% in the three-step sequential extraction at high pressure
and 44.7% at low pressure in a Soxhlet extractor. All extracts showed high antioxidant activity and presented
antimicrobial activity. The highest levels of phenols of 222 mg GAE/g extract, of flavonoids of 67.0 mg CE/g
extract, of artepillin C of 62.4 mg Artepillin C/g extract and high antioxidant activity were obtained in the
ethanolic extract (80%) of the second stage of the two-step sequential process.
1. Introduction
Propolis is a natural, resinous and sticky material, making by bees
from material collected of different sources, such as tree buds and
exudates found on plant wounds [1,2]. The medical use of propolis
extract preparations has led to an interest in its composition, where the
flavonoids which are found in different plants, they are the main
polyphenols in propolis [3,4]. Many beneficial properties are attributed
to propolis including antibacterial, antifungal, antiviral, antitumoral
and anesthetic activity and it also possess a very low toxicity [5–8]. One
of the major phenolic acids found in green propolis is 3,5-diprenyl-4-
hydroxycinnamic acid (DHCA), also known as Artepillin C, which is
obtained from Baccharis dracunculifolia, which is the main botanical
source of this propolis type [9]. The amount of Artepillin C is associated
with different states of maturity of the leaves in the Baccharis extracts
[4,10].
Although conventional extraction methods are conducted at atmo-
spheric pressure and have often been used to extract polyphenol com-
pounds, technologies using supercritical CO2 as solvent have been
studied in an attempt to perform the process with better environmental
and economic characteristics of the products [1,11,12].
The use of high pressures extraction techniques is an attractive al-
ternative because it allows for fast extraction, so that solvents remain in
a liquid state well above their boiling points. These conditions improve
analyte solubility and the kinetics of desorption from matrices.
Extraction processes employing supercritical carbon dioxide (scCO2)
take advantage of the ability of some chemicals to act as excellent
solvents at temperatures and pressures above their critical points [13].
The scCO2 is considered a green, non-toxic solvent (GRAS) and also
presents itself as nonflammable. In previous studies it was shown that
when using a sequential extraction with scCO2 (in first step) and other
solvents as water and ethanol on subsequents steps (second and third
steps), fractions of extracts with high phenolic compounds content can
be obtained [14–17].
The objective of this work was to obtain phenolic-rich green pro-
polis extracts by processes at high and low pressure. Extractions at high
pressure were conducted in different steps. In one step using scCO2 with
an EtOH-H2O (80:20, v/v) hydroalcoholic mixture as a co-solvent, in
two steps: sequential extraction in a fixed bed using scCO2 followed by
a hydroalcoholic EtOH-H2O (80:20, v/v) extraction, and in three steps:
sequential extraction in a fixed bed using scCO2 followed by ethanol
(second step) and finally with water (third step). All high pressure
http://dx.doi.org/10.1016/j.supflu.2017.08.006
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experiments were performed under the conditions of 50 °C and 250 bar.
For comparison, low pressure extractions were conducted at different
proportions of EtOH-H2O in stirred vessel and in soxhlet extractors. The
extracts were characterized for total phenolics and total flavonoids, for
the compounds 3,5-diprenyl-4-hydroxycinnamic acid (Artepillin C or
DHCA), 4-hydroxycinnamic acid (p-Coumaric acid or HCA) and 4-
methoxy-3,5,7-trihydroxyflavone (Kaempferide or MTHF) with regards
to color, antioxidant activity by DPPH and antimicrobial activity.
2. Material and methods
2.1. Raw material and reagents
Green propolis were acquired in the Brazilian state of Minas Gerais,
classified as group 12 by Park et al. [1].
Samples were cold-ground with mechanical stirring and they were
packaged in plastic bags and stored in a freezer (model 220, Consul,
Brasil) at −18 °C. The methods and equipment used for the char-
acterization of the raw material with respect to volatiles + moisture
content, moisture content, real and apparent density (ρr, ρa) was done as
described by Monroy et al. [14], and the porosity (ε) as described by
Rahman [18], calculated as ε = 1-(ρa/ρr).
2.2. Atmospheric pressure extraction in a soxhlet and stirred vessel
extractors
The extracts from conventional process, at atmospheric pressure,
were performed for comparison purpose with the extracts obtained at
high pressure extraction. The extractions in stirred vessel (SVE) was
performed according to Farias-Campomanes et al. [19] with some
modifications, in which 2 g of ground green propolis was placed in
25 mL of EtOH-H2O mixtures with different proportions of 0, 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100% (v/v), at 50 °C and 150 rpm for
30 min, as shown in Fig. 1. Soxhlet extraction (SOE) was done using 5 g
of ground green propolis and 150 mL of EtOH-H2O mixtures at 0, 30,
50, 80 and 100% (v/v) for 180 min, as shown in Fig. 1.
Nomenclature
SFE Supercritical fluid extraction
PLE Pressurized liquid extraction
SVE Stirred vessel extractor
SOE Soxhlet extraction
%VM Volatiles + moisture
ρr Real density
ρa Apparent density
ε Porosity
TP Total phenolic
DPPH 1,1-diphenil- 2-picrilhidrazil
GAE Gallic acid equivalent
TF Total flavonoids
CE Catechin equivalent
HPLC High performance liquid chromatography
AoA Antioxidant activity
EC50 Effective concentration
AmA Antimicrobial activity
SE80 Supercritical fluid extraction more co-solvent with EtOH-
H2O (80:20, v/v) stage in one steps
S1 Supercritical fluid extraction in 1st stage in two sequential
step extraction
E80 Pressurized liquid extraction in the 2nd stage with EtOH-
H2O (80:20, v/v) in two sequential step extraction
S2 Supercritical fluid extraction in 1st stage in three se-
quential step extraction
E Pressurized liquid extraction in the 2nd stage with EtOH
absolute in three sequential step extraction
W Pressurized liquid extraction in the 3rd stage with water in
three sequential step extraction
DHCA 3,5-diprenyl-4-hydroxycinnamic acid (Artepillin C)
HCA 4-hydroxycinnamic acid (p-Coumaric acid)
MTHF 4-methoxy-3,5,7-trihydroxyflavone (Kaempferide)
Fig. 1. Schematic diagram of the experimental pro-
cedure for extraction at atmospheric pressure.
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2.3. High pressure extraction: supercritical fluid extraction (SFE) and
pressurized liquid extraction (PLE) in different steps
The fixed-bed extractions at high pressure were performed in an
experimental unit (Lab EXTRAE, UNICAMP, Brazil), whose metho-
dology was discussed with more details in previous works [14,20]. The
same experimental setup for the SFE system was used in the PLE ex-
tractions, only the ethanol and water pump was utilized. In the assays,
the extraction cell was filled with ∼5 g of green propolis mixed with
glass beads (mean diameter of 0.005 m), as illustrated in Fig. 2. The
fixed bed extrator extraction conditions were 50 °C and 250 bar for all
steps as show Fig. 3
In one step extraction, the scCO2 was used as solvent and EtOH-H2O
(80:20, v/v) as a CO2 co-solvent in proportions of 68% CO2 + 32%
EtOH-H2O (80:20, v/v) (SE80) during a 118 min extraction period, as
shown in Fig. 3a. These assays were performed with 1.65 g/min of CO2
and 0.79 g/min of EtOH-H2O (80:20, v/v), which in this conditions
form a “carbon dioxide expanded solvent”. In two sequential step ex-
traction, the 1st step utilized CO2 (1 L/min–1.65 g/min) (S1) and was
followed by the 2nd step with EtOH-H2O (80:20, v/v) (pressurized li-
quids) (0.9 mL/min or 0.79 g/min) (E80). These assays were performed
during a 210 min extraction period as shown in Fig. 3b and, in three
sequential step extraction, the 1st step consisted of CO2 (1 L/
min–1.65 g/min) (S2), followed by the 2nd step with EtOH absolute
(pressurized liquids) (0,5 mL/min–0.78 g/mL) (E) and finally the 3rd
step with water (pressurized liquids) (0.5 mL/min–1 gmL) to get the
extract (W). These assays were performed during a total extraction
period of 330 min as shown in Fig. 3c.
2.4. Extract yield, total phenolics, color and antioxidant activity
The overall yield (Xo) was expresses in ratio of the total mass ex-
tracted and the mass of raw material. The total phenolics (TP) were
obtained by Folin-Ciocalteu method described by Singleton [21], and
expressed as gallic acid equivalents (mg GAE/g extract), whose absor-
bance was measured at 700 nm. The total flavonoids (TF) were de-
termined as described by Jia et al. [22], and the results were expressed
as catechin equivalents (mg CE/g extract), whose absorbance was
measured at 510 nm and, antioxidant activity (AoA) was determined
according to the procedure described by Mensor et al. [23] with ab-
sorbance measured at 517 nm and expressed as effective concentration
EC50 (μg/mL) that determines the extract concentration responsible for
a 50% decrease in the initial activity of the DPPH. All analyzes were
done by spectrophotometry (UV-VIS lambda 40, Perkin Elmer, EUA)
(Table 1). More details are described on Monroy et al. [14].
2.5. High performance liquid chromatography
Chromatographic analysis of 3,5-diprenyl-4-hydroxycinnamic acid
(Artepillin C) (DHCA), 4-hydroxycinnamic acid (p-Coumaric acid)
(HCA) and 4-methoxy-3,5,7-trihydroxyflavone (Kaempferide) (MTHF)
were performed using a LC-DAD Alliance system: Waters composed of a
2695 pump, 2996 diode array detector and Empower® software.
Chromatographic separations were performed using an XBridge Shield
RP18 column (100 × 2.1 mm, 3.5 μm, with pre-column) at 30 °C. The
mobile phase comprised a mixture of 0.5% formic acid (A) and me-
thanol (B) in gradient elution: 0–10 min (50% B); 10–40 min (50–100%
B) and 40–45 min (100% B) at a flow rate of 0.2 mL/min. The injection
volume was 10 μL.
For the peaks identification and quantification, the artepillin C, the
p-coumaric acid and kaempferide were used as external standards and
its detections were monitored at 317, 342 and 365 nm, respectively.
The concentration levels used for calibration curves were prepared
in serial dilution from stock solution at 400–500 μg/mL to analytes in
0.5% formic acid: methanol (50:50 v/v) to obtain concentration levels
of 1.25, 2.50, 5.00, 10.00, 30.00 and 75.00 μg/mL for artepillin C; 1.08,
2.16, 4.32, 8.64, 25.92 and 64.80 μg/mL for p-coumaric acid and 1.13,
2.25, 4.50, 9.00, 27.00 and 67.50 μg/mL for kaempferide. The cali-
bration curves were constructed by plotting the analyte peak area
against the concentration level.
2.6. Determination of antibacterial activity (AmA)
2.6.1. Micro-organisms and preparation of cell suspensions
Strains of Listeria monocytogenes (ATCC 7644), Bacillus cereus (IAL
55), Staphylococcus aureus (ATCC 13565), Pseudomonas aeruginosa (IAL
1853), Salmonella Typhimurium (IAL 2431), Escherichia coli (IAL 2064)
and Pseudomonas fluorescens (ATCC 13525) were used in the study. All
strains belonged to ATCC, IAL (Culture Collection of Adolfo Lutz, Sao
Paulo, Brazil) or from Inst. of Biology (IB), Univ. of Campinas −
UNICAMP, Brazil. All bacterial strains were maintained as stock strains
in cryovials and kept at −80 °C until used.
The preparation of cell suspensions was carried out according to
Sant’ana et al. [24]. The suspensions were adjusted to obtain an optical
density of 630 nm equal to 0.7, corresponding to 108 CFU/mL, as
confirmed by plate counting on XLD (Acumedia, USA) − Salmonella
Typhimurium, TSA + YE (Kasvi, Italy) − Listeria monocytogenes, VRB
(Sigma-Aldrich, USA) − Escherichia coli, baird parker (Kasvi, Italy) -
Staphylococcus aureus, MYP (Kasvi, Italy) − Bacillus cereus, CN-agar
(Oxoid, United Kingdom) − Pseudomonas aeruginosa and CFC agar
Oxoid, United Kingdom) − Pseudomonas fluorescens.
2.6.2. Disc diffusion method
The disc diffusion method for antimicrobial susceptibility of green
propolis testing was carried out according to the standard method by
[25] with modifications. Cell suspensions of each microorganism were
mixed with nutrient agar and placed on petri plates to reach a final
concentration of 106 CFU/mL. Then, the green propolis extracts (10 μL)
were applied on sterile paper discs and the discs were disposed inside
sterile Petri dishes and allowed to set for 15 min for solvent evaporation
Granato et al. [26]. After ethanol evaporation, three discs impregnated
with 10 μL of green propolis extracts were placed on the nutrient agar
Fig. 2. Diagram of the at high pressures extraction
cell.
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surface at equal distances from each other and incubated at the op-
timum temperature for each microorganism studied (37 °C for S.
Typhimurium, L. monocytogenes, E. coli, S. aureus, Pseudomonas aerugi-
nosa and Pseudomonas fluorescens and 30 °C for Bacillus cereus). A po-
sitive control was used which is a standard commercial antibiotic disc
with ampicilin (10 μg) (Laborclin, Pinhais− Brazil). A negative control
consisted of 10 μL of sterile distilled water.
After incubation, the plates were examined for an inhibition zone
and the inhibition zone was then measured using a caliper rule. The
tests were repeated three times and the results expressed in millimeters
(mm). The results of the antimicrobial tests were submitted to analysis
of variance (ANOVA) and t Bonferroni test with significance level of 5%
using the Sisvar Software [27].
Fig. 3. Schematic of the High-pressure extraction process: ρ (CO2) = 1.65 g/L, ρ (EtOH) = 0.79 g/mL, ρ EtOH-H2O (80:20, v/v) = 0.88 g/mL, ρ (water) = 1.0 g/mL; ratio of the solvent
mass by the mass of the raw material (S/F).
Table 1
Methods of analysis of the extracts.
Composition λ (nm) Expressed as References
Total phenols (TP) 700 Gallic acid equivalent per gram
of extract (mg GAE/g extract)
[23]
Total flavonoids (TF) 510 Catechin equivalent per gram
extract (mg CE/g extract)
[24]
Antioxidant capacity
(AoA) DPPH
517 Effective concentration (EC50 in
μg/mL), AA (EC50/DPPH).
[25]
Fig. 4. Effect of different concentrations of ethanol as solvent on the overall yields and phenolic compounds contents (TP-TF) (a), and chemical profile determined by HPLC (b). Obtained
by Soxhlet extraction.
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3. Results and discussion
The characterization of the raw material with respect to volatiles
+ moisture content was 6.9 ± 0.5, determined by AOAC [28],
moisture content was 5 ± 1, determined by AOCS [29], known as
Karl-Fisher method (Metrohm 701 Titrino equipped with oven 832 KF
Thermoprep KF). The real density of 1.40 ± 0.01 g/cm3 was de-
termined at 25 °C by helium pycnometry, the apparent density was
0.63 ± 0.01 g/cm3, determineted by [30], and the porosity of 0.5514,
determined as described by Rahman [18].
3.1. Low pressure extraction
Figs. 4 and 5 show the extraction yields and the phenolic compo-
sition of the extracts obtained in Soxhlet extractors and stirred vessel
extractors. It can be noted in Fig. 4a that the soxhlet extractions using
96% ethanol resulted in higher overall yields (X0) and higher phenolic
contents (TP and TF) than stirred vessel extraction, where in the case of
soxhlet extraction the improvement may be due to recycling of the
solvent and the high temperature which helps to reduce surface tension
and viscosity, increasing mass transfer from the solvent to the solid
Fig. 5. Effect of different concentrations of ethanol as solvent on the overall yields and phenolic compounds contents (TP-TF) (a), and chemical profile determined by HPLC (b). Obtained
by Obtained by stirred vessel extraction.
Fig. 6. Yield kinetics and phenolic compounds (TP and TF) (a) and chemical compounds (b) of the extracts from green propolis using scCO2 plus the co-solvent 80% Ethanol at 50 °C and
250 bar.
Fig. 7. Yield kinetics and phenolic compounds (TP and TF) (a) and chemical compounds (b) of sequential extraction from green propolis using scCO2 followed by 80% Ethanol at 50 °C
and 250 bar.
Y.M. Monroy et al. The Journal of Supercritical Fluids 130 (2017) 189–197
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[31]. In Fig. 5a for the SVE, the extraction using 80% ethanol resulted
in the highest yield (X0) and when using 70% ethanol the highest
concentrations of TP and of TF were obtained.
Figs. 4 b and 5 b show concentration values of the phenolic com-
pounds Artepilin C, p-coumaric acid and Kaempheride in extracts ob-
tained using different concentrations of ethanol as solvents. The highest
concentrations of these phenolics were obtained for Soxhlet extraction
using 96% ethanol (Fig. 4b) and in the vessel using 80% ethanol
(Fig. 5b).
The extractions obtained with pure water at low pressure presented
the lowest yields, which increased with increasing ethanol concentra-
tions in ethanol/water mixtures. This behavior of increased yield with
ethanol concentration was also observed by Cunha et al. [32] in the
extraction of propolis. A difference in extraction was also observed
between the two methods (Soxhlet and stirred vessel) for ethanol
concentrations above 80%.
3.2. High pressure extraction kinetics
Fig. 6a shows the extraction curve obtained using scCO2 and ethanol
as co-solvents and Figs. 7 a 8 a show two and three step sequential
extraction curves at 50 °C and 250 bar. In these Figures two extraction
curves (X0: Overall yield and Y0: point yield) and two concentration
curves of phenolic compounds in the extracts (TP and TF) were con-
structed. High overall yield values of X0 = 53.5% were obtained for the
three-step extraction (S2 + E +W) in the fixed bed, which was higher
than the 52.5% and 45.6% yields obtained in one-step extraction with
co-solvent (SCE80) and in the two-step extractions (S1 + E80),
respectively.
Yields of 7.02% and 8.1% were obtained in the supercritical step (S1
and S2) of the sequential extractions in two-steps (Fig. 7a) and in three
steps (Fig. 8a), which are much smaller than the yields of the sub-
sequent steps, demonstrating the presence of low concentrations of
apolar substances in green propolis, this is due to high densities and
different polarities [13,33,34]. Also observed in Figs. 6 a, 7 a and 8 a is
a higher concentration of total phenolics in the extracts of the different
extraction stages.
Figs. 6 b, 7 b and 8 b show the kinetic behavior of the Artepilin C
(DHCA), p-coumaric acid (HCA) and Kaempheride (MTHF) contents in
the extracts. At the beginning of the extraction process the quantity of
specific chemical compounds extracted increases with the extraction
time, showing the faster solubilization of these compounds. After a
certain time, the extraction was maximized.
By analyzing the kinetics of sequential extraction it was concluded
that shorter extraction times could be used if targeting the compounds
of interest.
3.3. Phenolic compounds and comparison between extraction methods
Table 2 shows the concentrations and yields of TP, TF, Artepillin C
(DHCA), p-coumaric acid (HCA) and Kaempheride (MTHF) from the
extracts, as well as the antioxidant activity (AmA) (EC50/DPPH). In the
case of the high pressure extracts average values were obtained, and at
low pressure the values were acquired when 80% ethanol was used as
the solvent.
The best yield (and concentration) of phenol compounds was
Fig. 8. Yield kinetics and phenolic compounds (TP and TF) (a) and chemical compounds (b) of the sequential extraction from green propolis using scCO2, Ethanol and water at 50 °C and
250 bar.
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obtained in the one-step extraction using scCO2 plus co-solvent (SE80),
with TP = 116 ± 3 mg GAE/g green propolis (220 ± 6 mg GAE/g
extract), TF = 34 ± 3 mg CE/g green propolis, 30 ± 8 mg artepillin/
g green propolis, 1.1 ± 0.7 mg p-coumaric acid/g green propolis and
2.1 ± 1.7 mg kaempferide/g green propolis.
High concentrations of specific chemical compounds were obtained
in the 80% ethanol extract (SE80) in the second stage (after extraction
with scCO2), obtaining TP = 222 ± 11 mg GAE/g extract,
TF = 67 ± 5 mg CE/g extract, and the specific chemical compounds
DHCA (Artepillin C) = 62±14 mg/g extract, HCA = 2.3 ± 1.2 mg/g
extract and MTHF = 5.5 ± 3.5 mg/g extract.
The performance may be to changes in the solute-matrix interaction
produced by the extraction of low polarity compounds with scCO2. It
was observed that the supercritical step contributed to extraction of low
polarity compounds such as waxes, thus in the following extractions
more purified extracts were obtained. These situations were also ver-
ified by other authors with other plant matrices [14,15,20,35].
Antioxidant activity is measured by DPPH Inhibiting and stabilize
the radical. In this study the antioxidant activity is expressed in terms of
effective concentration (EC50/mL) for the different extracts of the green
propolis samples (Table 2), the extracts obtained with 80% ethanol
(SE80) in the second stage (after extraction with scCO2) resulted in an
extract with higher antioxidant activity (EC50 = 13 ± 8 μg/mL). The
elevated antioxidant activity of Brazilian propolis was also demon-
strated by other researchers [36–41]. They reported that the anti-
oxidant activity of propolis is due to its phenolic constituents, which
also have other activities [42].
It is important to note that the green propolis extracts obtained
using 80% ethanol as co-solvent or as solvent in the high pressure ex-
tractions and as a solvent in the SV extraction at low pressure presented
the best concentrations of phenolic compounds. This was different from
the Soxhlet extraction (SOE) at low pressure using 96% ethanol which
obtaining the highest yields and concentrations of phenolic compounds.
Polarity is not the only factor that affects the extraction yield, be-
cause the type of interaction between solvent and solute must also be
taken into account. The operational parameters allow for modifying the
selectivity for obtaining yields and concentrations of interest [43].
Fig. 9 shows the chromatographic profiles of green propolis at high
and low pressure. These results indicate the qualitative and quantitative
comparisons of flavonoid profiles (Fig. 8 and Table 3). It is apparent
that artepillin C is the dominant flavonoid in green propolis. Fig. 8b
shows that extraction with 80% ethanol (2nd step) after extraction with
scCO2 produces more pure extracts because it has fewer peaks in the
chromatogram.
3.4. Antimicrobial activity
Table 3 shows the values of the inhibitory activity obtained for the
different extracts at low and high pressure of the green propolis sam-
ples.
The results of the antimicrobial tests indicated that green propolis
extract exhibited significant antimicrobial activity against the gram-
positive microorganisms S. aureus (ATCC 13565), L. monocytogenes
(ATCC 7644), B. cereus (IAL 55) and gram-negative microorganisms S.
Typhimurium (IAL 2431) and P. fluorescens (ATCC 13525) (Table 3).
When the extracts obtained through the low and high pressure ex-
traction methods were compared, it was observed that the extracts
obtained with high ethanol concentrations presented the best anti-
microbial activities. In this case, these extracts showed a larger in-
hibitory halo against S. Typhimurium (IAL 2431) ranging from
11 ± 0.5–7.2 ± 0.3 (Table 3). These extracts also presented higher
contents of TP, TF, and specific chemical compounds with high anti-
oxidant activities. The antimicrobial activity of propolis has been at-
tributed to phenolic compounds, especially flavonoids, phenolic acids
and their esters [44]. The effect of activity also depends on the origin of
the matrix and the extraction method [45]. It is reported that theTa
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extracts of propolis showed a greater activity against gram-positive
microorganisms and limited activity against gram-negative micro-
organisms [6,46–48], which can be explained by structural differences
of the bacterial cell wall [49,50].
4. Conclusion
In the extractions at ambient pressure using Soxhlet and stirred
vessel SV, high phenolic compound yields were obtained when utilizing
high ethanol concentrations EtOH-H2O (80:20, v/v) and 96 absolute.
These results helped define the percentage of EtOH as co-solvent for
SFE and solvent for PLE in the different extraction stages at high
pressures. High overall yields were obtained in the three stage extrac-
tion (S2 + E96 +W) and high concentrations acquired with 80%
ethanol (E80) after extraction with scCO2, obtaining higher levels of TP
and TF which indicated greater selectivity of the 80% ethanol solvent
for acquiring important green propolis markers such as Artepilin C
(DHCA), which presented the highest concentration. Thus, these ex-
tracts obtained higher contents of antioxidant compounds and biolo-
gical activity. In conclusion, when considering the advantages of SFE,
the process conditions must follow two sequential steps to achieve the
concentration of active biological substances.
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A B S T R A C T
Green propolis from southeastern Brazil is known for its potent biological activity and the presence of Artepillin-
C. In order to obtain extracts concentrated in phenolic and artepillin-C compounds, supercritical carbon dioxide
(scCO2) was used as an anti-solvent to selectively fractionate ethanolic and hydroalcoholic extracts of green
propolis by precipitation in four separators in series. The fractions were evaluated for the global yield of each
fraction and for the yields and concentrations of total phenolics (TP), total flavonoids (TF), 3,5-diprenyl-4-
hydroxycinnamic acid (Artepillin C) (DHCA), 4-hydroxycinnamic acid (p-coumaric acid) (HCA) and 4-methoxy-
3,5,7-trihydroxyflavone (kaempferide) (MTHF) in the fractionated extracts, also evaluated was he antioxidant
activity by DPPH. The scCO2 was effective as an anti-solvent to obtain extract fractions rich in Artepillin C and
with high antioxidant activity.
1. Introduction
Propolis is a resinous material produced by bees and used to
strengthen and waterproof the hive. It has a sticky consistency at high
temperatures and is hard and brittle at low temperatures [1]. The color
and composition depend on the botanical source of collection, char-
acterized by having high biological activities, including: antioxidant
[2–5], antimicrobial [4,6,7], cytotoxic [6], anti-inflammatory [8,9],
antitumor [10] and antitrypanosome [11]. Propolis extracts are
currently used by the food, pharmaceutical and cosmetic industries.
Green propolis, known as propolis of Baccharis dracunculifolia, because
this is its main botanical source, contains artepillin C as one of its main
phenolic acids. This is a derivative of cinnamic acid, isolated from
Baccharis species [12].
Green propolis extracts are obtained by conventional processes
using ethanol (EtOH) [13], water (H2O) [14], ethanol-water mixtures
(EtOH-H2O) in different proportions (80:20, v/v) [15–18], (70:30, v/v)
[14,19,20], (100–0:0–100 v/v) [2], olive oil [14] and methanol [21],
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where the quality of these extracts depend on the extraction method.
Supercritical CO2 extraction (scCO2) is currently an alternative to
conventional processes, presenting numerous advantages. Furthermore,
CO2 is used as an anti-solvent for fractionation of extracts, removing
high molecular weight components by precipitation and obtaining high
phenolic compound (PC) contents from different raw materials
[19,22–27]. Most polar phenolic compounds are practically insoluble in
pure CO2, but are sufficiently soluble in a CO2+EtOH mixture or in a
CO2+EtOH-H2O mixture, allowing for their separation on the basis of
molecular weights and polarity. The advantages supercritical anti-sol-
vent (SAS) based techniques are the production of the nano or micro
sized spherical particles with smooth surfaces and narrow particle size
distribution [28], the use of CO2 as an anti-solvent to drug encapsula-
tion [29] and in the preparation of nanoparticles which has recently
received considerable attention in the pharmaceutical industry [30].
A previous study performed by our research group [2] on the ex-
traction of green propolis, obtained at ambient or high pressure, in a
single step or in several sequential steps, using supercritical fluid (SFE)
or pressurized liquids (PLE) [2], showed that extractions using EtOH-
H2O (80:20, v/v) and absolute EtOH by soxhlet and in a stirred vessel
(SV) at ambient pressure obtained high yields of phenolic compounds.
Based on these values, high pressure extractions were performed where
it was verified that extraction in two sequential steps showed better
yield for obtaining extracts with high contents of phenolic compounds.
In this context, the objective of this work was to use CO2 as an anti-
solvent to fractionate ethanolic and hidroalcoholic extracts of green
propolis, using four separators in series, reducing its pressure of 200 bar
to 100 bar, 80 bar and atmospheric pressure, keeping constant tem-
perature of 50 °C. The extractions utilized EtOH-H2O (80:20, v/v) and
absolute EtOH at 50 °C and 300 bar. The extracts were evaluated with
regards to the global yield (X0) and yield of each fraction (Y0), as well as
the contents of total phenols (TP), total flavonoids (TF), 3,5-diprenyl-4-
hydroxycinnamic acid (Artepillin C) (DHCA), 4-hydroxycinnamic acid
(HCA) and 4-methoxy-3,5,7-trihydroxyflavone (kaempferide) (MTHF),
analyzing the antioxidant activity by DPPH expressed in EC50.
2. Material and methods
2.1. Raw materials and reagents
Green propolis (GP) was acquired from Natucentro, obtained in the
municipality of Bambuí, Minas Gerais, Brazil. The samples were frozen
and immediately ground and stored at −80 °C. Table 1 shows the
characterization of ground GP. Details of the procedure, the reagents
used and the methodologies for characterization of the raw material
were described by Monroy et al. [31]. The moisture content and the
total volatile content were determined by volumetric Karl-Fisher
method (Metrohm 701 KF Titrino equipped with 832 KF Thermoprep)
[32] and gravimetric method [33], respectively. The real particle
density was determined by helium gas pycnometry (Quantachrome
pycnometer Auto Ultrapyc 1200e). The bulk density was calculated
from the mass of the sample required to fill a volume of 10 cm3 [34].
The bed porosity was obtained from the real density of the sample and
apparent bed density according to Rahman et al. [35].
2.2. Fractionation with supercritical CO2
The extractions were performed in an experimental unit (ExTrAE
Laboratory, UNICAMP, Brazil) as shown in Fig. 1. The unit basically
consisted of two extractors (E1 and E2) of approximately 500mL each
(46mm in diameter and 300mm tall) and four separators (S1 to S4) of
approximately 200mL each (40mm in diameter and 150mm tall)
constructed of AISI 316 stainless steel (Maq'nagua, Serra Negra, Brazil);
5 back pressure valves (BP) (Model TESC-26-176122161, Tescon) for
pressure control; 2 pumps (B1 and B2), being 1 diaphragm (Milroyal
model MD93 (112) S (F) 4M500/Z, Milton Roy Europe, Pont-Saint-
Pierre, France) and 1 pneumatic (Maq'nagua, Serra Negra, Brazil) for
pumping liquid carbon dioxide; one high pressure pump (B3) (Model
2SM, Eldex Laboratories Inc., Napa, CA, USA) for pumping solvents (S);
one condenser (C) to recycle CO2; 1 Coriolis type mass flow meter
(model RHMO15NT+CMM01, Metroval, Brazil); and 2 thermostatic
baths (model Polystat 2C15, Cole Parmer Instrument Company, Vernon
Hills, IL, USA) with water and ethylene glycol to cool the CO2 and keep
it in a liquid state for the pumping operations. The temperature of the
extractors and separators is controlled by an electric heating system.
Extractions were performed at 50 °C and 300 bar using 1.5 g/min
(0.090 kg/h) of an ethanol: water mixture (EtOH:H2O 80:20, v/v) or of
absolute ethanol (EtOH). In both cases the extractor (E1) was filled with
∼30 g of ground green propolis mixed with ∼60 g of glass beads. The
fractionation was performed at a constant temperature of 50 °C from
continuous mixing of 0.090 kg/h of extract (from E1 extractor) with
0.80 kg/h of scCO2 (ρ=785.2 kg/m3) from CO2 pump, both at pressures
of 200 bar in the first separator (S1), so flowing to second separator (S2)
at 100 bar, and to 80 bar and at atmospheric pressure in the subsequent
separators S3 and S4, as shown in the schematic of Fig. 1.
First, the 4 separators were filled with CO2 at the pre-defined con-
ditions of 200, 100, 80 bar and 50 °C. Then the ethanol:water or ethanol
solvent flowed through the extractor at 1.5 g/min (0.090 kg/h). The
extract leaving the E1 extractor was sent to separator 1 where it was
mixed with 0.8 kg/h CO2. After 150min, the process was stopped, the
separators were depressurized and, the 4 fractions (1FGP-4FGP) were
collected in flasks for further analysis
2.3. Analysis of the extracts
The yield (Y0) of each of the four fractions and the overall extraction
yield (X0) (sum of the four fractions) were measured by the mass ratio
of dry extract per mass of raw material, given in percentage. Analyses of
the extracts included: total phenolics (TP) determined by the Folin-
Ciocalteu reagent according to Singleton et al. [36], using gallic acid as
a standard, absorbance was measured at 750 nm and expressed as gallic
acid equivalent per gram of extract (mg GAE/g extract), total flavonoids
(TF) were determined as described by Jia et al. [37], using catechin as a
standard, absorbance was measured at 510 nm and expressed as ca-
techin equivalent per gram of extract (mg EC/g extract), and finally the
antioxidant activity (AoA) was determined according to the procedure
described by Mensor et al. [38], by the DPPH method expressed as
EC50, which represents the concentration (μg/mL) of extract re-
sponsible for a 50% reduction of the initial DPPH activity. For com-
parison, the AoA in EC50 was also measured for four different standards
(quercetin, gallic acid, catechin and ascorbic acid). In all cases the
spectrophotometer (UV-VIS lambda 40, Perkin Elmer, USA) was used.
Additional information on the procedure which was also reported by
Monroy et al. [31].
Having obtained the AA values, the EC50 values were calculated
using different regressions with the coefficient of determination and the
root mean square error. More information on the method can be found
in the work published by Martinez-Correa et al. [39], were the EC50
value is considered an indicative parameter and was classified by
Reynertson et al. [40] in 4 groups, as follows: (1) very active extracts
with EC50< 50 μg/mL; (2) moderately active extracts with EC50
Table 1
Characterization of the ground green propolis.
Properties Reference
Volatile+moisture (%VM) 6.9 ± 0.5 [32]
Moisture 5.1 ± 1.2 [33]
Real density ρr (g/cm3) 1.41 ± 0.01 Helium gas pycnometry
Bulk density ρa (g/cm3) 0.63 ± 0.01 [34]
Porosity of bed ε=1− (ρa/ρr) 0.55 ± 0.01 [35]
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between 50 and 100 μg/mL; (3) slightly active extracts with EC50 be-
tween 100 and 200 μg/mL; and (4) inactive extracts with
EC50> 200 μg/mL.
2.4. High performance liquid chromatography
Chromatographic analysis of the extracts are used to quantify
compounds of interest: 3,5-diprenyl-4-hydroxycinnamic acid known as
Artepillin C (DHCA), 4-hydroxycinnamic acid (p-coumaric acid) (HCA)
and 4-methoxy-3,5,7-trihydroxyflavone (kaempferide) (MTHF), using
the Waters Alliance LC-DAD system consisting of a 2695 pump, 2996
diode array detector and Empower® software. Detection was monitored
at different wavelengths: being 317 nm for Artepillin C, 342 nm for p-
coumaric acid and 365 nm for kaempferide. All standards and extracts
were filtered through a 0.45 μm PVDF membrane. Identification of
flavonoids in the extracts was performed based on the retention times
and the UV spectra with the authentic standards, and quantified using
an external standard. The concentration levels used for calibration
curves were prepared in serial dilution from stock solution at
400–500 μg/mL to analytes in 0.5% formic acid: methanol (50:50 v/v)
to obtain concentration levels of 1.25, 2.50, 5.00, 10.00, 30.00 and
75.00 μg/mL for artepillin C; 1.08, 2.16, 4.32, 8.64, 25.92 and
64.80 μg/mL for p-coumaric acid and 1.13, 2.25, 4.50, 9.00, 27.00 and
67.50 μg/mL for kaempferide. The calibration curves were constructed
by plotting the analyte peak area against the concentration level.
3. Results and discussion
Table 2 shows the values of the overall (X0) and individual (Y0)
yields and the total phenolic (TP) (mg GAE/g extract) and total flavo-
noid concentrations (TF) (mg CE/g extract), as well as the yield and
concentration of some specific phenolic compounds: Artepillin C
(DHCA) (mg/g extract), p-coumaric acid (HCA) (mg/g extract) and
kaempferide (MTHF) (mg/g extract). The antioxidant activity (EC50) of
the fractionated extracts and some standards for comparison purposes
were also measured.
3.1. Overall (X0) and individual (Y0) yields
In Table 2 and Fig. 2 it is observed that the highest overall yield
were obtained when using EtOH-H2O (80:20, v/v) with X0=36% (sum
of the fractions) and when using absolute EtOH it was obtained a lower
yield of X0= 29%.
The individual yields of the fractions presented different behaviors
for both cases, where for the hydroalcoholic extracts (Fig. 2a) the
fractioned yields decreased with decreasing pressure and the largest
precipitated fraction was obtained in the first separator at 200 bar. This
behavior may be due to the presence of water that has very low solu-
bility in CO2, which precipitates forming two phases, as showed on
equilibrium data reported by Lim et al. [41]. In this case, the water
carries with it some of the more polar phenolic compounds. In se-
parators 2 and 3 the pressures of 100 bar and 80 bar are below the
critical pressure of 104 bar of the CO2/ethanol mixture at 50 °C [41,42],
so 2 phases are formed and separation was facilitated by reducing the
pressure, obtaining greater yields in the first fractions. This behavior
was also observed by Paula et al. [43] when conducting selective
fractionation of extracts from leaves of Baccharis dracunculifolia. In the
second condition for extracts obtained with absolute EtOH, from Fig. 2a
it was observed that the highest yield was in the second separator at
100 bar. In this case because there is no water and the first separator is
at 200 bar (above the critical pressure of the mixture of 104 bar) only
one solvent phase is formed, which facilitates passage to the second
separator operating at 100 bar and in this case the formation of two
phases facilitates separation.
In this work, a high proportion of 10% (9.6mol%) of ethanol in
scCO2 was used and under conditions of temperature and pressure
which formation of one or two phases, different from supercritical an-
tisolvent precipitation works that employ much larger proportions of
scCO2, such as 98 mol% CO2 [42] and 97 and 99 mol% CO2 [44] under
pressure conditions just above the critical point of the mixture to form
only one phase of the solvent mixture. The polarity of the solvent is an
important parameter in solubility of the solute and in the solute-solvent
interaction, being important for fractionation [45]. In relation to arte-
pillin recovery, Fig. 2a and Table 2 show that the best fractionation was
obtained from the pure ethanolic extract in the separator operated at
Fig. 1. Schematic of the experimental extraction and fractionation unit.
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100 bar, recovering more than 85% of the artepillin.
3.2. Concentrations of phenolic compounds
Table 2 and Fig. 2b show the highest levels of TP, TF and artepillin
are in the second fraction at 100 bar (2FGP) in both cases, which are of
the order of 200–300mg per gram of extract.
The concentrations of Artepillin C in fractionation of the two extract
types are shown in Fig. 2b, indicating that the contents of this com-
pound were higher in the fractions of higher yield. The Artepillin C
concentrations ranged from 31 to 221mg/g extract when using EtOH-
H2O (80:20, v/v) and 5–218mg/g extract when absolute EtOH was
used.
It is important to note that extracts of green propolis obtained using
EtOH-H2O (80:20, v/v) in fractionation which utilized scCO2 as an
antisolvent showed the best phenolic compound yields, obtaining ele-
vated concentrations of high molecular mass polar compounds from
propolis. This behavior was also observed by Catchpole et al. [46] in the
fractionation process using CO2 as an antisolvent that was optimized on
the laboratory and pilot scales, followed by demonstration on a semi-
commercial scale, finding extracts with flavonoid concentrations of
20–35% by weight, of the same order of 24% (238 and 237mg/g ex-
tract) obtained in this work for the fractional extract at 100 bar.
Chen et al. [22] studied scCO2 as an anti-solvent for precipitation of
Artepillin C (DHCA) from green propolis extract in ethyl acetate, where
precipitates were generated containing 306mg/g of Artepillin C. This
demonstrated that micronization of bioactive compounds from natural
materials is feasible, with great potential for the food and pharmaceu-
tical industries.
You et al. [47] examined the effects of the ethanol and water co-
solvent on scCO2 extraction of nine flavonoids, obtaining 5% and 120%
higher values in propolis extracts from Brazil and China to those ob-
tained conventionally using ethanol and water, respectively.
The chromatograms of the three markers used in this work are
shown in Fig. 3a–c, where they were identified at different wavelengths
(λ) and at different retention times (RT). Fig. 3d–k shows the chro-
matograms of the green propolis extracts, monitored at the wavelength
of 317 nm for the absorption of Artepillin C (DHCA), which is the
predominant component of green propolis extracts. A similarity can be
observed between the chromatograms with difference in the chroma-
tograms shown in Fig. 3d and g where other peaks stand out, indicating
that water extracts more components than ethanol.
3.3. Antioxidant activity (DPPH)
The sequestration activity of the DPPH radical (AA) as a function of
the concentration of some standard phenolics and of the fractions of
propolis extract are shown in Figs. 4a 5a and b . All the standards and
extracts showed increasing AA behavior with increasing concentration,
on a non-linear trend.
Fig. 4b shows the results of the EC50 values for the standard sub-
stances (quercetin, gallic acid, catechin and ascorbic acid). For these
pure substances, the antioxidant activity was obtained in the following
order: gallic acid> quercetin> ascorbic acid> catechin. In this work,
the EC50 value for gallic acid was 1.50 μg/mL, of the same order of
magnitude found by other authors with values of 1.87 μg/mL by Mar-
tinez-Correa et al. [39] and 2.04 μg/mL by Garmus et al. [48].
The EC50 values for each green propolis extract are shown in Table 2
and represented in Fig. 6a and b, and the last point on Figs. is the Gallic
acid standard with EC50= 1.5 μg/mL in this study. The extracts
Table 2
Yield and concentration of total phenols (TP), total flavonoids (TF), antioxidant activity (AoA) by DPPH expressed as EC50 and chemical profile (Artepillin C, p-
coumaric acid and kaempferide) determined by HPLC in green propolis extracts.
Extraction Yield Chemical profile (spectrophotometric) Chemical profile (HPLC) AA
(DPPH/
EC50)Code Solvent Pressure
(bar)
Yield Y0 (%) Total Phenolics (TP) Total Flavonoids (TF) Artepillin C
(DHCA)
p- coumaric
acid (HCA)
kaempferide (MTHF)
C1 R C2 R C4 R3 C5 R4 C6 R5
1 FGP EtOH
80%
200 16.2 ± 3.2 223 ± 22 36 ± 3 173 ± 15 28 ± 0.6 65.7 10.6 50 8.1 59 9.57 13.3
2 FGP 100 8.7 ± 2.2 346 ± 11 30.2 ± 0.7 238 ± 10 20.8 ± 0.4 221 19 1.6 0.14 10.7 0.93 7.5
3 FGP 80 8.8 ± 1.3 175 ± 17 15.3 ± 0.3 99 ± 15 8.7 ± 0.3 80 7.0 1.0 0.09 2.21 0.19 15.2
4 FGP P atm 1.7 ± 0.4 68 ± 6 1.1 ± 0.5 33 ± 7 0.6 ± 0.1 31 0.53 2.8 0.05 4.53 0.08 30.4
Total 35.4 ± 7.1 234 ± 60 82.8 ± 4.5 164 ± 37 58.1 ± 1.4 106 37.5 24 8.4 30.4 10.77 –
1 FGP EtOH
absolute
200 7.9 ± 3.1 74 ± 31 5.8 ± 0.5 34 ± 11 2.7 ± 0.1 5.05 0.40 1.00 0.08 8.0 0.63 25.5
2 FGP 100 14.8 ± 2.9 331 ± 12 49.1 ± 1.2 237 ± 11 35.1 ± 0.8 218 32 6.04 0.90 18 2.67 8.3
3 FGP 80 4.4 ± 2.2 216 ± 15 9.6 ± 0.2 120 ± 18 5.3 ± 0.5 91.5 4.04 2.61 0.12 10 0.44 12.6
4 FGP P atm 2.3 ± 1.5 63 ± 2 1.5 ± 0.1 41.9 ± 7.8 1.0 ± 0.2 6.88 0.16 2.00 0.05 6.0 0.14 35.1
Total 29.4 ± 9.7 224 ± 81 66 ± 2 150 ± 55 44.1 ± 1.6 126 37.0 3.9 1.14 13 3.88 –
X0: Extraction yield (%, d.m.), C1: concentration (mg GAE/g extract), C2: concentration (mg EC/g extract), C3: effective concentration EC50/DPPH (μg/mL), C4, C5
and C6: concentration (mg/g extract), R: yield (mg/g propolis).
Fig. 2. Global yield (Xo), individual yields (Yo) of separator and artepillin re-
covery (a), concentration of total phenols (TP), total flavonoids (TF) and
Artepillin C (DHCA) in the extracts of each separator (b).
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obtained in the 2FGP (100 bar) fraction using EtOH-H2O (80:20, v/v)
and absolute EtOH were the most active, presenting the lowest EC50
values of 7.5 μg/mL and 8.3 μg/mL, respectively.
When comparing the EC50 values with the total phenolic content
(Fig. 6a and b), it was verified that there is a relationship between these
results. Thus, it can be said that the antioxidant activity of the propolis
extracts is related to the presence of phenolic compounds. This asso-
ciation of AA and phenolic compounds was also found by Wang et al.
[49], who fractionated the ethanolic extract from propolis with super-
critical carbon dioxide (scCO2) under the conditions of 200, 150, 100 or
50 bar, in three separators operating in series to produce the residual
(R), fraction (1), fraction (2) and fraction (3). The highest antioxidant
Fig. 3. Chromatograms of the chemical standards at different wavelengths (nm) by HPLC; Artepillin C (DHCA) (a), coumaric acid (HCA) (b) and kaempferide (MTHF)
(c). Chromatograms obtained at 317, highlighting Artepillin C, in the different green propolis fractions, using EtOH-H2O (80:20, v/v) (d, e, f and g) and absolute
EtOH (h, i, j and k).
Fig. 4. Sequestration activity of the DPPH radical in function of the concentration of the standard compounds (a) and their values expressed in EC50 (b).
Fig. 5. Sequestration activity of the DPPH for green propolis extracts at different pressures using EtOH-H2O (80:20, v/v) (a) and absolute EtOH (b).
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activity was obtained in the extracts with high concentrations of phe-
nolic compounds found in the fractions R and F1. The correlation of AA
with phenolic compounds was also found by other authors using dif-
ferent raw materials [39,48,50]. In general, it is observed that AA va-
lues are lower than 50 μg/mL for all extracts, indicating high AA.
4. Conclusions
The results indicated that the process using scCO2 as an anti-solvent
to fractionate the ethanolic and hydroalcoholic extracts was effective,
because it was possible to obtain differentiated extract fractions and
those concentrated in phenolic compounds and artepillin C; where the
fractions obtained in the separators which operated at 100 bar showed
the highest concentrations of artepillin C and the extract obtained at
100 bar with pure ethanol was the one with the highest productivity,
with a recovery of approximately 85%. The relationship between total
phenol concentration and antioxidant activity showed that the most
active extracts were those with the highest content of phenolic com-
pounds and Artepillin C.
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Abstract 
Red propolis extracts from the Brazilian Northeast are used in popular medicine 
due to their high biological activity. Extracts are usually obtained through 
conventional processing; however, interest has been growing on the extraction 
methods that use supercritical carbon dioxide (scCO2) as a solvent, with or 
without a polar co-solvent, or that use scCO2 as anti-solvent to fractionate 
conventional extracts. In this study, different types of propolis processing were 
evaluated: one-step extraction using scCO2 as solvent and EtOH-H2O (70:30, 
v/v) as co-solvent; sequential two-step extraction using scCO2 followed by 
EtOH-H2O (70:30, v/v); and a sequential three-step extraction using CO2, 
followed by EtOH and, finally, H2O; all under a temperature of 50°C and a 300 
bar pressure. Fractionations were conducted by adding scCO2 to ethanolic or 
hydroalcoholic extracts and gradually reducing the pressure, in a series of 4 
separators operated under 50°C, and 200, 100, 80 bar and atmospheric 
pressures. The extracts were evaluated concerning global yield (X0) and 
individual yield (Y0) of the extraction and yield curves; total phenols (TP) and 
total flavonoids (TF) concentrations; antioxidant activity (AoA), expressed by 
EC50/DPPH; and color, by CIELAB. The most efficient extraction was obtained 
in the one-step process with scCO2 + EtOH-H2O (70:30, v/v), since it produced 
high yields and more concentrated phenolic extracts. With CO2 as anti-solvent, 
it was obtained an extract fraction with high phenolic content in the first 
fractionations. Overall, all extracts demonstrated high antioxidant activity. 
Keywords: Red propolis, supercritical extraction, anti-solvent, fractionation, 
phenolic compounds, antioxidant activity.  
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9.1. Introduction 
Red propolis is produced by bees from the resinous material. Bees use it 
to the defend hives, and the human population has been using it as a medicinal 
product for centuries [1]. It features an unusual chemical composition for a 
propolis, especially for the Brazilian ones, with isoflavones such as 
formononetin and biocianin [2]. Composition and biological activities of the 
different types of Brazilian propolis vary accordingly geographical location [3] 
and harvest season throughout the year [4]. Several biological properties of red 
propolis were reported in the scientific literature, such as the antioxidant [5-7], 
anti-inflammatory [5, 8-10], antifungal [11], antimicrobial [12], antiproliferative 
[12], antitumor [6], fungicide [13], cytotoxic [14], anti-hypertensive [15], and 
healing properties [16, 17], as well as viability for the treatment of nerve injuries 
[5]. 
Extracts from diverse raw materials are unique in their phenolic profile, 
which may also be influenced by different extraction techniques. Many 
conventional techniques were reported on the extraction of phenolic compounds 
from the red propolis [1, 18-20]. Recently, the technology with supercritical 
fluids (SFE) has been applied as an alternative for obtaining diverse types of 
propolis extracts [21-23], including the red one [3], and it presents some 
advantages over conventional techniques.  
Some authors compared the extracts obtained through conventional 
extraction with those from supercritical technology, and more concentrated 
extracts were obtained in the latter than by conventional techniques [3, 24]. 
Machado et al. [24] had best results with conventional extraction methods; 
however, concerning green propolis, the supercritical extraction produced 
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extracts much more concentrated in Artepillin C and p-coumaric acid than the 
conventional one, indicating its high selectivity for these compounds. On the 
other hand, high levels of extracted compounds might produce low yields, 
demonstration high selectivity of the scCO2 tin relation to the extracted 
compounds. 
Polar substances’ solubility is low in apolar scCO2; yet, if a small quantity 
of average- or high-polarity co-solvent is added to the scCO2, such as EtOH or 
H2O, which are generally recognized as safe (GRAS), the solubility of polar 
solutes is significantly increased. This effect has been observed by different 
authors, through various raw materials [25-27]. 
To obtain extracts even further enriched in interest compounds, 
conventional extracts can be fractioned by using scCO2 as anti-solvent in 
several conditions of pressure and temperature, facilitating the desirable 
compounds’ precipitation, as observed in many studies on propolis fractionation 
and different raw materials [28-33]. 
Given this context, this study aimed to obtain red propolis extracts 
through different processes: in one step, using scCO2 + EtOH-H2O (70:30, v/v); 
in two sequential steps, using scCO2, followed by EtOH-H2O (70:30, v/v); and in 
a sequential three-step process, using scCO2, followed by EtOH and, lastly, by 
H2O; in a fixed bed under 50°C and 250 bar conditions. Moreover, CO2 was 
used as anti-solvent to fraction ethanolic and hydroalcoholic extracts from the 
red propolis. All extracts were characterized regarding the total phenols content, 
total flavonoids, antioxidant activity by DPPH, expressed in CE50, and color, by 
CIELAB. 
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9.2. Material and methods 
9.2.1. Raw material and pre-treatment 
Red propolis was acquired from the “Ilha do Porto” Apiary, in the town of 
Marechal Deodoro, Alagoas, Brazil. It was frozen and then crushed, packaged 
in polypropylene bags, and then stored in a freezer to −18 °C. The methodology 
and equipment used for characterizing the red propolis as to volatiles + 
moisture content, moisture content, real and apparent density were performed 
as described in Monroy et al. [34]. 
9.2.2. Obtaining the extracts 
The analyses were conducted at the experimental units of the ExTrAE 
Laboratory, Unicamp, Brazil. For obtaining the extracts, the fixed-bed unit 
mentioned by Monroy et al. [34] was used, and for the extraction followed by 
fractionation, it was used the unit described by Paula et al [33]. 
i) In the horizontal fixed bed, the extractions were performed in different 
steps: in one step using scCO2 + EtOH-H2O (70:30, v/v); in two 
sequential steps using, firstly, scCO2, followed by EtOH-H2O (70:30, 
v/v); and in three sequential steps with CO2 followed by absolute EtOH 
and, finally, H2O. At all steps, ~5 g of crushed red propolis mixed with 
glass beads was used and conditioned on the extraction cell at 50 °C 
and under 250 bar. The solvent flow conditions and extraction time are 
presented in Fig. 9.1. 
ii) In the extraction and fractionation system, the mixture EtOH-H2O (70:30, 
v/v) or the absolute EtOH was used as solvents in the extraction step 
that was performed in a fixed be at 50°C and 300 bar using ~30g of 
crushed sample mixed with ~60g of glass beads. The extract 
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fractionation step was conducted using CO2 as solvent at a constant 
temperature of 50°C, in different pressures of 200, 100, 80, and ~1 bar 
(ambient pressure), as shown in Fig. 9.2. 
Fig. 9.1. Extraction process scheme: ρ (CO2) = 1.65 g/L, ρ EtOH-H2O (70:30, 
v/v) = 0.83 g/mL, ρ EtOH-absolute = 0.79 g/mL, ρ H2O = 1.0 g/mL; S/F = 
solvent mass ration by raw material mass. 
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Fig. 9.2. Extraction and fractionation process scheme: ρ CO2 = 1.65 g/L, ρ EtOH-H2O 
(70:30, v/v) = 0.83 g/mL, ρ EtOH-absolute = 0.79 g/mL. 
 
9.2.3. Extraction yield  
Extraction yield expresses the relationship between dry extract mass, 
obtained at the processes in different steps (SC70, S1, E70, S2, E, and W), and 
raw material mass (dry basis), used in the extraction process (MP). This yield is 
based on the mass unit of the raw material used, the global yield is represented 
by X0 and the individual yield is represented by Y0, as shown in Equation 1.  
100
)(
),,,,,(
)( 27017000 
MP
WESESCE
YouX                                                       (1) 
9.2.4. Analysis of the extracts 
The total phenolic compounds’ content (TP), measured in gallic acid 
equivalency, was evaluated through spectrophotometry at 740 nm,  according 
the Folin-Ciocalteu’s method, as described by Singleton et al. [35]. For total 
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flavonoids (TF) determination, the Jia methodology [36] was employed, with 
catechin as a reference in the compounds’ quantification. The measure 
absorbance was 510 nm. For TP and TF, a blank sample went through the 
same conditions, substituting the extract for the same amount of solvent. Other 
information on the methodologies were described by Monroy et al [34]. 
Extracts’ antioxidant activity was determined through the DPPH method, 
as described by Mensor [37]. Such method is based on the DPPH ability in 
reacting with hydrogen donors. In the presence of antioxidant substances, it 
receives H+, being thus reduced, and resulting in the antioxidant activity 
percentage (%AA). Also, the amount needed to decrease the initial 
concentration of DPPH in 50% is the concentration that eliminates this 
percentage of free radical (EC50). Therefore, the greater the DPPH consumption 
by a sample, the smaller will be its EC50 and greater the antioxidant activity. 
Other information on this methodology was described by some authors [34, 38, 
39]. 
The coloration of red propolis extracts was determined by colorimetry, 
with the Ultra ScanVis Hunter Lab spectrophotometer (Riston, Virginia, USA), 
and direct reading of the parameters of L* (luminosity), a* (contribution to red), 
and b* (contribution to yellow). Indexes (h*) and saturation (C*) were calculated 
as from the values of a* and b*, as shown in Equations 2 and 3.  
*)*arctan(* abh                                                                                                           (2) 
2/1*)](*)[(*  baC                                                                                                     (3) 
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9.3. Results and discussion 
9.3.1. Red propolis characterization 
Table 9.1 presents moisture and density values that characterize the 
samples of crushed red propolis. It can be observed that the moisture content is 
within the standards required by ANVISA [40], which establish a maximum 
percentage of 8%. Other analyzed factors are important since they affect the 
extraction kinetics.  
Table 9.1- Characterization of crushed red propolis  
Properties  Red propolis Reference  
Volatile + moisture (% VU) 5.7 ± 0.5 [41] 
Moisture 4.1 ± 0.8 [42] 
ρr (g/cm
3
) 1.25 ± 0.01 Helium gas pycnometry 
ρa (g/cm
3
) 0.70 ± 0.01 [43] 
)/(1 ra    0.44± 0.01 [44] 
 ρr e ρa: real and apparent density; ε: particle bed porosity. 
 
9.3.2. Extraction kinetics  
Fig. 9.3 presents kinetic extraction curves with individual yield and 
phenolic content for one, two, and three steps. Table 9.2 reports the respective 
total yield and mean phenolic compounds values, for each step and for the full 
process. We can observe, from the extraction curves of different steps, that 
global yield values higher than 60% were achieved. Also, it is possible to 
observe that more than half of the red propolis is soluble in a EtOH and H2O 
mixture since, in the beginning of the hydroalcoholic extraction of the second 
step – in the two-step process, extracts with phenols concentration above 
500mg/g were obtained, decreasing in the subsequent extract fractions.  
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The greatest global yield (65.9%) was obtained in the three-step 
extraction, followed by the one-step one using scCO2 as solvent and EtOH-H2O 
(70:30, v/v) as co-solvent (61.5%) and, lastly, the two-step extraction, in which 
the yield was 51.2%. Low yields are obtained with scCO2 in the first step of the 
two- and three-steps processes (S1 and S2). This happens because CO2 is 
apolar, having the ability of only extracting compounds such as waxes in the 
first step, thus favoring the concentration of phenols in the following steps, with 
a high-yield, high-concentrated extract in phenolic compounds. 
The highest concentrations (phenols yields) were obtained in the one-
step extraction with CO2 + co-solvent, with TP = 267 mg GAE/g of extract (164 
mg GEA/g of propolis) and TF = 88 mg CE/g of extract (54 mg GEA/g of 
propolis). On the one hand, this is advantageous when compared to the two-
steps extraction, with scCO2 followed by hydroalcoholic extraction, as it obtains 
higher yields and phenols concentration. On the other hand, it is 
disadvantageous, as it requires a greater consumption of solvents. Components 
such as wax and other organic debris, acquired during the extraction, may be 
removed later and produce more concentrated extracts (Choi et al [45]).  
Total phenols (TP) and total flavonoids (TF) kinetics, shown in Fig. 9.3 for 
the diverse extraction steps, had the same behavior. A decreasing 
concentration was observed as the extraction time increased; more 
concentrated extracts were obtained when scCO2 + EtOH-H2O (70:30, v/v) was 
used, and less concentrated when only water was used as solvent, in the case 
of the three-step extraction. 
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Fig. 9.3. Extraction kinetics: ρ (CO2) = 1.65 g/L, ρ EtOH-absolute = 0.79 g/mL, ρ EtOH-
H2O (70:30, v/v) = 0.89 g/mL, ρ H2O = 1.0 g/mL; in only one step (a), in two sequential 
steps (b), and in three sequential steps (c). 
Fig. 9.4 shows the accumulated global yield (X0) and the individual yields 
(Y0) of the fractions obtained by selective fractionation using scCO2 as a 
solvent. Ethanolic and hydroalcoholic extracts were obtained in a fixed bed at 
300 bar and 50°C. Differences can be observed among both cases. In the case 
of the hydroalcoholic extract, the higher-yielding fraction was obtained in the 
first separator at 200 bar – this is because the extract contains water, which has 
very low solubility in scCO2. The water is precipitated in the first separator, 
taking most of the extracted phenols with it (more than 50%). Such behavior 
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can be seen in other studies in the literature, such as in Paula et al [46]. 
Ethanolic extract, in turn, according to the equation 𝑃𝑐(𝑀𝑃𝑎) = 0.1203. 𝑇(𝐾) −
28.44, of Lim et al.[47], which correlates the critical point of an ethanol/water 
mixture, the ethanol, at 50°C, is completely soluble in scCO2 if the pressure in 
greater than 104 bar. In both cases, the fraction obtained in the separator at 
atmospheric pressure was 1.5% and 1.9% (around 5% of total extract), which 
must represent the most volatile substances of propolis since in the third 
separator, operating at 80 bar, almost all ethanol is separated from scCO2. This 
also suggests that the CO2 coming out the third separator (80 bar) could be re-
pressurized at 200 bar and recycled in the fractionation process. It may also be 
noted that, in the sample characterization (Table 9.1), discounting the volatiles’ 
water, 1.62% of volatiles is obtained in the red propolis, consistent with the 
1.5% and 1.9% yields in the last (fourth) fractionation separators of both 
extracts. In both cases, the first and second fractions of the separators were 
more concentrated in phenols and flavonoids, with TP values between 330 and 
395 mg GAE/g and TF values from 177 to 241 mg CE/g of the extract. 
 
Fig. 9.4. Global (X0) and individual (Y0) yieldings of the fractions obtained in the 
separators: using EtOH-H2O (70:30, v/v) (a) and absolute EtOH (b) as solvents. 
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Overall, aqueous extracts (W) presented lower phenolic content than 
other solvents used, indicating that the prior steps have exhausted the raw 
material. Similar values were found by Cottica et al. [48] and Miguel et al. [49], 
which evaluated the Canadian and Portuguese propolis, respectively. On the 
other hand, Laskar et al. [50], when analyzing Indian propolis, obtained 
aqueous extracts more concentrated in phenolic than in ethanolic extracts.  
In Fig. 9.5, the antioxidant activity behavior is compared with the total 
phenols (TP) content. Antioxidant activities were expressed in EC50 (extract 
concentration in μg/mL that is capable of reacting with 50% of the radical on the 
DPPH solution). Thus, the smaller the EC50, the higher the antioxidant activity of 
the extract analyzed. As can be seen in Fig. 9.5, red propolis extracts showed 
high antioxidant activity, with EC50 values of 5.8 μg/mL for the hydroalcoholic 
extracts EtOH-H2O (70:30, v/v) in the 2FRP fraction, followed by the ethanolic 
extracts in the 1FRP fraction with an EC50 value of 6.5 μg/mL. Extracts obtained 
in the different steps were as follows: 7 ± 5 (in two sequential steps, with the 
second extract with EtOH-H2O (70:30, v/v)), EC50 of 8 ± 4 μg/mL in only one 
step using co-solvent, and, finally, the extracts obtained in three steps with 
EtOH and H2O as solvent and EC50 of 9 ± 7 μg/mL and 14 ± 2 μg/mL, 
respectively.  
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Fig. 9.5. Relationship between antioxidant activity and total phenols content for the 
different red propolis extracts. 
 
Table 9.2 - Yielding and concentration values for total phenols (TP), total 
flavonoids (TF), and antioxidant activity (AoA) by red propolis extracts’ DPPH. 
Extraction 
X0: Overall 
yield (%) 
TP  TF AoA 
Extraction 
steps  
Extraction 
solvent 
C1 
(mg / g extract) 
R1 
(mg / g ) 
C2 R2 C3 
Extracts of different stages             
One step CO2 + E70 (SE70)  61.5 267 ± 17 164 ± 11 88 ± 11 54 ± 7 8 ± 4 
Two steps  
CO2 (S1) 10.7  -  -  -  -  - 
E70 40.5 257 ± 11 104 ± 4 67 ± 10 27 ± 4 7 ± 5 
Total 51.2  - -  - - - 
Three steps 
CO2 (S2)  12.7  -  -  -  -  - 
E  37.9 219 ± 9 83 ± 4 83 ± 10 31 ± 4 9 ± 7 
W 15.4 105 ± 9 16 ± 1 49 ± 12 8 ± 2 14 ± 2  
Total 65.9  - -  - -  - 
Extract fractionation             
1  FRP' 200 
FE70 
24 ± 5 354 ± 21 85 ± 5 183 ± 11 44 ± 3 9.4 
2  FRP' 100 4.2 ± 2.3 395 ± 20 17 ± 1 241 ± 16 10.1 ± 0.7 5.8 
3  FRP' 80 10 ± 2 160 ± 14 16 ± 1 72 ± 9 7.2 ± 0.8 10.2 
4  FRP' P atm 1.5 ± 0.5 128 ± 15 1.9 ± 0.2 58 ± 9 0.9 ± 0.1 10.9 
Total 
 
39.7 ± 10.1  - 120 ± 7  - 62.18 
 
1  FRP 200 
FE 
10.1 ± 2.1 330 ± 13 33 ± 1 177 ± 10 18 ± 1 6.5 
2  FRP 100 12.5 ± 4.9 386 ± 13 48 ± 2 201 ± 11 25 ± 1 9.3 
3  FRP 80 8.4 ± 3.2 135 ± 15 11 ± 1 65 ± 7 5.5 ± 0.6 11.7 
4  FRP P atm 1.9 ± 1 76 ± 8 1.4 ± 0.1 46 ± 8 0.9 ± 0.2 12.2 
Total   32.9 ± 4.5  - 94.26  - 49.40   
C1 and C2 (mg / g extract), R1 and R2 (mg / g raw material) AoA (EC50/DPPH μg/mL)  
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Alencar et al. [51] evaluated ethanolic red propolis extracts and found 
contents of 232 ± 22 mg/g for total phenols, of 43 ± 1 for total flavonoids, and an 
EC50 57 ± 3. Frozza et al. [6] obtained 152 ± 2 mg/g of phenolic compounds in 
hydroalcoholic extract. Machado et al. [3] assessed propolis extracts obtained 
through supercritical (scCO2) and ethanolic (EtOH) extraction of eight propolis 
samples (red, green, and brown) from different places of Brazil, finding a 
greater amount of total phenols and flavonoids, and a better antioxidant activity 
by ABTS in the red propolis extract from the State of Sergipe, with 300 mg 
EAG/g, 57.60 ± 0.01 mg EC/g e 98.50 ± 1.40%, respectively. 
In the comparison between supercritical and ethanolic extracts, authors 
like Zordi et al. [52] found high concentrations of phenolic compounds in the 
ethanolic extracts, and Silva et al. [53] obtained high antioxidant activity on 
them. 
9.3.3. Color of the samples  
Table 9.3 presents the mean coordinates values of extracts obtained in 
the diverse extraction steps, and of the red propolis extraction fractions. Red 
propolis extracts proved to feature the characteristics within the coordinates L*, 
a*, b*, hab, and Cab* of the chromatic plan. Some differences were found for 
the coordinates a*, b*, hab, and Cab*. In the extracts, L* significantly decreases 
by the concentration of total phenols (TP). Therefore, it could be used to assess 
the TP concentration in red propolis extracts. 
The CIELAB color system is proposed as a fast and reliable technique to 
evaluate propolis quality due to the relation between color and phenolic 
composition, or bioactivity. 
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Table 9.3 - Color parameters L*, a*, b*, hab, and Cab* in the red propolis 
extracts undergoing various steps of extraction and in fractionated extracts. 
Extraction  Yield Parameter of the color 
Extraction 
steps 
Extraction 
solvent 
TP L*  a* b* hab Cab* 
Extracts of different stages             
One step CO2 + E70 (SE70) 267 ± 17 3.9 ± 0.8 2.7 ± 0.3 103.4 ± 0.7 0.03 ± 0.1 103.4 ± 0.3 
Two steps  
CO2 (S1)  -  -  -  -  -  - 
E70 257 ± 11 4.7 ± 1.1 1.1 ± 0.1 4.1 ± 1.4 1.36 ± 5.6 4.2 ± 1.3 
Three steps 
CO2 (S2)  -  -  -  -  -  - 
E  219 ± 9 5.1 ± 0.4 2.8 ± 0.2 3.9 ± 0.2 1.48 ± 7.3 4.8 ± 0.2 
W 105 ± 9 20.4 ± 0.6 0.5 ± 0.3 7.7 ± 0.6 1.32 ± 8.6 7.7 ± 0.6 
Extract fractionation             
1  FRP 200 
FE70 
354 ± 21 1.8 ± 0.5 3.4 ± 0.1 30.1 ± 0.5 1.56 ± 4.5 30.3 ± 0.2 
2  FRP 100 395 ± 20 1.0 ± 0.0 3.8 ± 0.3 25.3 ± 0.7 1.56 ± 6.1 25.6 ± 0.5 
3  FRP 80 160 ± 14 2.1 ± 0.1 2.5 ± 0.4 60.3 ± 0.4 1.56 ± 3.8 60.4 ± 0.3 
4  FRP 1,013 128 ± 15 2.5 ± 0.2 1.5 ± 0.1 35.2 ± 2.2 1.55 ± 4.3 35.2 ± 0.9 
1  FRP 200 
FE 
330 ± 13 2.1 ± 0.2 3.5 ± 0.2 20.3 ± 4.3 1.56 ± 5.7 20.6 ± 0.1 
2  FRP 100 386 ± 13 1.1 ± 0.1 6.7 ± 0.5 29.3 ± 6.1 1.57 ± 7.2 30.1 ± 0.2 
3  FRP 80 135 ± 15 2.5 ± 0.2 4.5 ± 0.3 40.2 ± 2.3 1.57 ± 5.3 40.5 ± 0.4 
4  FRP 1,013 76 ± 8 2.8 ± 0.3 6.3 ± 0.4 31.2 ± 1.4 1.57 ± 9.5 31.8 ± 0.3 
9.4. Conclusion 
The mixture ethanol:water (70:30, v/v) was effective as co-solvent of the 
scCO2 in the red propolis extraction, obtaining high yields and high-
concentration extracts of phenolic compounds. Using scCO2 as anti-solvent in 
the fractionation of hydroalcoholic and ethanolic extracts enabled obtaining 
more purified extracts, with high levels of phenolic compounds and high 
antioxidant activity. The phenolic compounds content is correlated with the 
extracts’ antioxidant activity. Overall, all extracts presented low values of CE50, 
showing high levels of antioxidant activities. 
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A pesquisa bibliográfica apresentada no capítulo 2 resume os conhecimentos 
sobre as matérias-primas, sua composição química e métodos de extração. Resume  
os trabalhos já relatados na literatura a influência das principais variáveis de processo 
nas cinéticas de extração, utilizando fluidos supercríticos, líquidos pressurizados e 
extração convencional. Isto permitiu obter informações que auxiliaram no 
planejamento experimental do trabalho da tese.  Assim, as pesquisas experimentais 
desenvolvidas nos capítulos seguintes 3-7 proporcionaram o agrupamento de 
algumas informações úteis, as quais são exibidas a seguir: 
 
I. A pesquisa no capitulo 3 foi importante para entender a influência da matriz 
vegetal e do tempo de extração nas curvas cinéticas de extração utilizando três 
etapas sequenciais (scCO2 + EtOH absoluto e H2O). Neste Capítulo fez-se 
primeiramente a caracterização da matéria-prima onde o diâmetro médio das 
partículas interfere na transferência de massa, a densidade real da matriz e a 
densidade aparente do leito foram medidas e as porosidades também foram 
calculadas. Estas informações são importantes na extração supercrítica. A 
análise química dos extratos realizada por espectrofotometria e por HPLC 
demonstrou altos rendimentos extrativos dos compostos de interesse, com 
maiores rendimentos de antocianinas monoméricas totais na etapa aonde se 
empregou o etanol e maiores rendimentos de compostos fenólicos, de 
flavonoides e de melhor atividade antioxidante na etapa aonde se empregou 
água, de forma que ambos os extratos possuem potencial aplicação como 
corantes e/ou extratos antioxidantes naturais.  
 
II. O Desenho rotativo central composto (CCRD) do capítulo 4, combinado com a 
metodologia de superfície de resposta RSM, pôde descrever o efeito das 
variáveis de processo e otimizar as melhores condições operacionais de 
temperatura e pressão para obter-se alto rendimento de compostos fenólicos 
na extração sequencial com scCO2, seguida da extração com EtOH e por 
último com H2O.  A temperatura (T) favorece a transferência de massa, 
embora o aumento demasiado da mesma degrade compostos termolábeis e 
cause gelatinização do amido em matrizes vegetais ricas nesse polissacarídeo; 
a pressão (P) favorece o poder de solvatação do solvente através do aumento 
da densidade. Demostrando que a aplicação do RSM permitiu otimizar os 
parâmetros de extração para obter o maior rendimento de extrato a partir do 
sabugo de milho roxo. 
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III. Devido ao problema associado às extrações utilizando scCO2, é a pequena 
polaridade deste solvente e, consequentemente, a baixa capacidade de 
solubilizar solutos polares. Esta capacidade pode ser aumentada através da 
adição de co-solventes polares, como por exemplo, H2O e/ou EtOH. A 
utilização do co-solvente na pesquisa do capítulo 5, foi interessante na 
extração com scCO2 do sabugo de milho roxo, sendo que o mesmo tem uma 
solubilidade limitada no dióxido de carbono sendo necessária a utilização de 
co-solvente como EtOH, H2O ou uma mistura de EtOH-H2O a fim de manter 
SFE como uma tecnologia verde.  
 
IV. A utilização de diferentes técnicas de extração a alta pressão como extração 
supercrítica SFE e extração com líquido pressurizado PLE e a pressão 
ambiente como extração em vaso agitado SV e em extração Soxhlet SO da 
pesquisa do capitulo 6, ajudou a visualizar o comportamento das diferentes 
metodologias de extração do pericarpo de milho roxo. Nas extrações via SFE e 
PLE foi possível observar o comportamento das cinéticas de extração tanto do 
rendimento como dos compostos fenólicos, para as extrações via SV e SO foi 
possível visualizar o comportamento frente a diferentes percentagens de EtOH-
H2O.     
 
 
V. O desenvolvimento da pesquisa apresentada no capitulo 7, utilizando outra 
matéria prima como a própolis verde, proporcionou informações importantes 
como a caracterização da matéria prima quanto à umidade + voláteis, 
densidade real da matéria prima, densidade aparente do leito e a porosidade, 
sendo que o rendimento e a composição dos extratos dependem do estado 
Inicial da matéria prima. Nas extrações à pressão ambiente, utilizando-se 
soxhlet e vaso agitado, foram obtidos rendimentos elevados de compostos 
fenólicos ao utilizar altas concentrações de EtOH-H2O (80:20, v/v) e EtOH 
absoluto. Estes resultados ajudaram a definir a percentagem de EtOH como 
co-solvente para SFE e solvente para PLE nos diferentes estágios de extração 
em altas pressões. Foram obtidos altos rendimentos globais na extração em 
três etapas e altas concentrações adquiridas com EtOH-H2O (80:20, v/v)  após 
a extração com scCO2, obtendo-se níveis mais elevados de TP e TF, que 
indicaram maior seletividade do solvente de EtOH-H2O (80:20, v/v) para a 
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aquisição de importantes marcadores da própolis verde, como a Artepillin C 
(DHCA), que apresentou maior concentração. Assim, esses extratos 
apresentaram maiores teores de compostos antioxidantes e atividade biológica. 
 
VI. A maioria dos métodos disponíveis na literatura dos compostos fenólicos da 
própolis verde, como o Artepillin C (DHCA), envolvem baixos rendimentos nos 
extratos, por isso o método de fracionar os extratos da própolis verde no 
estudo do capitulo 8 foi interessante, utilizando-se o scCO2 para fracionar os 
extratos hidroalcoólico e etanólico da própolis verde para obter extratos mais 
purificados, demonstrando que o scCO2 como anti-solvente é eficiente para 
fraccionamento dos extratos hidroalcoólicos EtOH-H2O (80:20, v/v), é útil como 
um método de purificação para obter extratos com concentração elevada de 
compostos fenólicos.  
 
VII. No último capítulo de pesquisa utilizando-se a propolis vermelha, 
mostrou-se a importância da caracterização da matéria prima quanto a 
umidade + voláteis, densidade real da amostra triturada, densidade aparente 
do leito e a porosidade, as extrações a diferentes etapas de extração 
demostrou que o solvente hidroalcóolico EtOH-H2O (70:30, v/v) como co-
solvente do CO2 foi eficaz para obter altos rendimento e concentrações dos 
compostos fenólicos da própolis vermelha, em relação a utilização do scCO2 
como anti-solvente para fracionar os extratos hidroalcoólicos EtOH-H2O 
(70:30, v/v) da própolis vermelha, facilitou a obtenção de extratos mais 
purificados com altos teores de compostos fenólicos seguido de uma alta 
atividade antioxidante. 
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Neste trabalho, técnicas de extração e fracionamento utilizando a tecnologia 
supercrítica foram empregadas a diferentes condições de pressão e temperatura com 
o intuito de obter extratos com altos teores de compostos fenólicos de diferentes 
matérias primas como: Milho roxo (Zea mays L.) do Peru, propolis verde e propolis 
vermelha do Brasil. Utilizou-se também duas técnicas de extração convencionais, uma 
extração de leito agitada e de Soxhlet para comparação com os extratos obtidos a alta 
pressão. Chegando as seguintes conclusões dadas nos capítulos 3-7  
 
I. No estudo comparativo dos extratos das diferentes matrizes do milho roxo do 
Capitulo 3, concluiu-se que o sabugo e o pericarpo foram os insumos que 
propiciaram o maior rendimento mássico global, são portanto, as fontes mais 
apropriadas para a extração sequencial.  
 
II. O RSM do Capitulo 4, permitiu otimizar os parâmetros de extração sequencial (T 
e P). Assim, foi possível obter rendimentos mais altos dos compostos fenólicos, 
com maiores teores no extrato aquoso, com exceção da concentração de 
antocianinas, que foi maior na extração etanólica. Este estudo revela que o 
extrato do sabugo de milho roxo é uma boa fonte de antocianinas, de fenólicos e 
de flavonoides, com alta capacidade antioxidante. 
 
 
III. O uso de misturas de EtOH-H2O (70:30, v/v) como co-solvente na extração de 
scCO2  para obter compostos fenólicos do sabugo de milho roxo do Capitulo 5 
promoveu um aumento no rendimento do extrato e na concentração dos 
compostos fenólicos. 
 
IV. No estudo comparativo das diferentes metodologias de extração a alta e baixa 
pressão do Capítulo 6, demostrou que o rendimento de extração e o conteúdo 
fenólico foram amplamente influenciados pelo uso do EtOH-H2O (70:30, v/v) como 
co-solvente do CO2 na SFE e como solvente para PLE, SV e SO, os compostos 
fenólicos e a atividade antioxidante obtidos por PLE foram ligeramente inferiores 
aos obtidos por SFE. No entanto, uma vez que o processo PLE é mais barato, 
mais rápido e tem as principais vantagens do SFE (ambiental Amigável a 
temperaturas moderadas), pode ser considerado como boa alternativa para a 
extração de compostos bioativos do pericarpo de milho roxo. 
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V. No Capitulo 7 se concluí que, ao considerar as vantagens do SFE, as condições 
do processo devem seguir duas etapas sequenciais para se atingir a 
concentração de substâncias biológicas ativas. A relação entre a concentração 
dos compostos fenólicos e a atividade antioxidante mostrou que os extratos mais 
ativos foram os que apresentaram o maior conteúdo de compostos fenólicos. 
 
VI. Os resultados do Capitulo 8  indicaram que o processo empregando scCO2 como 
anti-solvente para fracionar os extratos etanólicos e hidroalcoólicos foi eficaz, pois 
pôde-se obter frações de extrato diferenciadas  e concentradas em compostos 
fenólicos e em artepillin C. Sendo que as frações obtidas nos sepraradores 
operados a 100 bar foram os mais concentrados em artepillin.  A relação entre a 
concentração de fenóis totais e de atividade antioxidante mostrou que os extratos 
mais ativos foram os que apresentaram o maior teor de compostos fenólicos e de 
Artepillin C.  
 
VII. No último capítulo de pesquisa, mostrou-se que a composição da própolis 
vermelha quanto aos compostos fenólicos foram importantes para avaliar a 
qualidade da atividade antioxidante dos diferentes extratos. No geral todos os 
extratos tiveram valores baixos de CE50 demonstrando altas atividades 
antioxidantes. 
SUGESTÕES PARA TRABALHOS FUTUROS 
 
I. Avaliar economicamente os processos de extração e fracionamento desenvolvidos 
neste trabalho na unidade de leito fixo vertical e na unidade de extração e 
fracionamento utilizando simuladores comerciais (SuperPro, Designer®); 
 
II. Avaliar o rendimento e composição dos voláteis da propolis verde e própolis 
vermelha; 
 
III. Microencapsular ou Nanoencapsular os extratos das diferentes matérias primas 
visando o desenvolvimento de alimentos funcionais com diferentes propriedades; 
 
IV. Avaliar a atividade antiproliferativa in vitro utilizando células tumorais humanas 
frente aos extratos supercríticos da própolis verde e vermelha; 
 
V. Avaliar a atividade anticâncer in vivo utilizando animais de laboratório frente aos 
extratos supercríticos da própolis verde e vermelha.  
Memória do período de Doutorado                                                                                     [ 179 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CAPÍTULO –12– 
 
Memória do período de Doutorado
Memória do período de Doutorado                                                                                     [ 180 ] 
 
 
 
A aluna Yaneth Machaca Monroy ingressou como doutoranda na UNICAMP em 
2013 através de processo seletivo do Departamento de Engenharia de Alimentos 
(DEA). Com aprovação de bolsa de doutorado do CNPq (processo nº 140286/2013-6) 
durante 48 meses. Além das disciplinas cursadas no mestrado em 2011 e 2012 na 
mesma universidade, foram cursadas em 2013, 2014, 2015 e 2016: TP121 Tópicos 
em engenharia de alimentos; TP159 Tópicos especiais em engenharia de alimentos 
(estatística); IQ323 Equilíbrio de Fases; TP102 Bioquímica de Alimentos; TP336 
Tópicos especiais em qualidade; TP199 Seminários; BI003 Sustentabilidade Social, 
Econômica e Ambiental; IQ064 Encapsulação de Agentes Bioativos; TP143 Reologia; 
TP208 Métodos Experimentais em Nutrição e participação no Programa de Estágio 
Docente grupo C (PED C) com atividades de apoio parcial à docência das disciplinas 
de: Fenômenos de transporte no ano de 2013 2º semestre e no ano 2014 no 1º 
semestre, Operações unitárias III no ano 2015 no 1º semestre, e participação no 
Programa de Estágio Docente grupo no grupo B (PED B) na disciplina laboratório em 
operações unitárias no ano 2015 no 2º semestre. 
 
A aluna participou em 2015 no evento 11º SLACA (Simpósio Latino-Americano 
de Ciência dos Alimentos), realizado em Campinas, Em 2016, participou no evento 
PROSCIBA 2016 (III Iberoamerican Conference on Supercritical Fluids), realizado em 
Viña del Mar – Chile.  No mesmo ano participou no VI Encontro da Escola Brasileira de 
Química Verde, realizado em Campinas-Brasil. Do III Congresso nacional apícola 
región Lambayeque, realizado em Lambayeque-Peru. No VIII Simpósio Ibero-
Americano de Plantas Medicinais e o III Simpósio Ibero-Americano de Investigação em 
Câncer, realizado em Itajaí. Em 2017, participou no evento 12º SLACA (Simpósio 
Latino-Americano de Ciência dos Alimentos), realizado em Campinas, 
 
Em 2016 e 2017 participou na qualidade de avaliador de trabalhos científicos 
inscritos na área de Tecnológicas nas XXVI e XXVII edições do Congresso Interno de 
Iniciação Científica da UNICAMP.  
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As pesquisas referentes ao projeto de doutorado foram 5 artigos publicados no 
periódico The Journal of Supercritical e 1 artigo submetido e 1 na fase de submissão. 
Houve também a publicação de 13 trabalhos científicos em anais de eventos, sendo 2 
resumos (11 SLACA), 2 trabalhos completos (PROSCIBA 2016), 1 resumo (VI 
Encontro da Escola Brasileira de Química Verde), 2 trabalhos completos (III Congreso 
nacional apícola región Lambayeque), 3 resumos (VIII Simpósio Ibero-Americano de 
Plantas Medicinais e o III Simpósio Ibero-Americano de Investigação em Câncer), 2 
resumos (12 SLACA) e 1 Resumo (Reverse Engineering of processed foods). 
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i. Monroy, Y. M., R. A. F. Rodrigues, A. Sartoratto and F. A. Cabral, "Extraction of 
bioactive compounds from cob and pericarp of purple corn (Zea mays L.) by sequential 
extraction in fixed bed extractor using supercritical CO2, ethanol, and water as 
solvents," The Journal of Supercritical Fluids, 107, 250-259 (2016a). 
 
ii. Monroy, Y. M., R. A. F. Rodrigues, A. Sartoratto and F. A. Cabral, "Optimization of 
the extraction of phenolic compounds from purple corn cob (Zea mays L.) by sequential 
extraction using supercritical carbon dioxide, ethanol and water as solvents," The 
Journal of Supercritical Fluids, 116, 10-19 (2016b). 
 
iii. Monroy, Y. M., R. A. F. Rodrigues, A. Sartoratto and F. A. Cabral, "Influence of 
ethanol, water, and their mixtures as co-solvents of the supercritical carbon dioxide in 
the extraction of phenolics from purple corn cob (Zea mays L.)," The Journal of 
Supercritical Fluids, 118, 11-18 (2016c). 
 
iv. Monroy, Y. M., R. A. F. Rodrigues, M. V. N. RODRIGUES, A. S. Sant'Ana, B. S. 
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and water.," The Journal of Supercritical Fluids,  130, 189-197 (2017). 
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Silva and F. A. Cabral, "Fractionation of ethanolic and hydroalcoholic extracts of green 
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extract", The Journal of Supercritical Fluids, 138, 167-173 (2018).  
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etanol e água) e análise químico da cinética dos extratos pontuais do pericarpo de 
milho roxo (Zea mays L.). Em: 11º SLACA Simpósio Latino Americano de Ciência de 
Ciência de Alimentos. Campinas, SP – Brasil. 2015.  
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v. MONROY, Y. M.; SARTORATTO, ADILSON; RODRIGUES, RODNEY A.F.; 
RODRIGUES, M. V. N.; CABRAL, FERNANDO A. Supercritical antisolvent 
fractionation of the extract from green propolis to obtain 3,5Diprenyl4Hydroxycinnamic 
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de carbono supercrítico, etanol e agua a partir da propolis vermelha. Em: VI Encontro 
da Escola Brasileira de Química Verde. Campinas, SP – Brasil. 2016. 
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viii. MONROY, Y. M.; RODRIGUES, RODNEY A.F. ; RODRIGUES, M. V. N. ; 
CABRAL, FERNANDO A.; Ethanol 70% as co-solvent in supercritical extraction of 
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APÊNDICE A 
ESPECIFICAÇÕES DE EQUIPAMENTOS, MATERIAIS E REAGENTES. 
 
Nome/Descrição  Modelo  Marca  Cidade/UF  País  Obs. 
1. Caracterização da matéria-prima 
MOINHO DE FACAS  MA-340  MARCONI PIRACICABA/SP BRASIL  COM PENIERA MESH 20 
ESTUFA A VÁCUO  MA-030/12  MARCONI PIRACICABA/SP BRASIL  
CONECTADA A BOMBA DE VÁCUO (MA-
057-13) 
PENEIRAS  NE*  BERTEL  CAIEIRAS/SP  BRASIL  24 A 270 MESH 
AGITADOR ELETROMAGNÉTICO 
DE PENEIRAS 
NE*  BERTEL  CAIEIRAS/SP  BRASIL    
BALANÇA ANALÍTICA  U210A  BEL PIRACICABA/SP BRASIL  
REPRODUTIBILIDADE (DESVIO PADRÃO): 
0,1mg LINEARIDADE ±0,3 mg 
FREEZER (220)  BVR28GBANA  BRASTEMP SÃO PAULO/SP BRASIL  TEMPERATURA: -26 ºC 
KARL-FISCHER  701 KF TITRINO  METROHM SÃO PAULO/SP BRASIL  DETERMINAÇÃO VOLUMÉTRICA DE ÁGUA 
FORNO THERMOPREP  832 KF  METROHM SÃO PAULO/SP BRASIL  
UTILIZADO EM AMOSTRAS COM POUCA 
UMIDADE CONECTADO AO KARL FISHER 
PICNÔMETRO AUTOMÁTICO ULTRAPYC 1200e 
QUANTACHRO 
ME 
FLORIDA EEUU 
PRECISÃO ±0,02 a ±3,0% (Instituto de 
Química) 
BOMBA DE VÁCUO  MA-057-13  MARCONI PIRACICABA/SP BRASIL  
CONECTADA A ESTUFA A VÁCUO (MA-
030/12) 
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Nome/Descrição  Modelo  Marca  Cidade/UF  País  Obs. 
2. Procedimentos de extração  
BANHO DE REFRIGRAÇÃO 12101-31 COLE PARMER VERNONHILLS/ILLINOIS EEUU   
BOMBA DE ALTA PRESSÃO PN: 1018AA-100-5 ELDEX LABORATORI ES INC. NAPA/CA EEUU   
BOMBA (ETANOL/ÁGUA) A-30-5 ELDEX LABORATORI ES INC. NAPA/CA EEUU   
BOMBA PERISTÁLTICA 
MESTERFLEX L/S 
77200-62 
COLE PARMER VERNONHILLS/ILLINOIS EEUU   
MEDIDOR DE VAZÃO 32908-69 COLEPARMES NAPA/CA EEUU   
TOTALIZADOR DE VOLUME GI LAO OSASCO/SP BRASIL    
MANÔMETRO MT 160 AL ABSI SÃO PAULO BRASIL    
MANÔMETROS TIPO BOURDON NE*  RECORD SÃO PAULO/SP BRASIL    
BANHO TERMOSTATIZADO NE*  SULAB   BRASIL  AÇO INOX COM CAPACIDADE DE 50 mL 
EXTRATOR ASI 316 SUPRILAB   BRASIL  AÇO INOX COM CAPACIDADE DE 500 mL 
TANQUE PULMÃO AISI 316 SUPRILAB   BRASIL    
AGITADOR MAGNÉTICO 752 FISATOM SÃO PAULO/SP BRASIL    
BANHO (QUENTE) P12C LAUDA NE NE   
BANHO (FRIO) VISCOTHERM VT2 PAAR PHYSICA NE NE   
BOMBA DE VÁCUO C FANEM SÃO PAULO/SP BRASIL  
CONECTADA A BOMBA DE VÁCUO (MA-
057-13) 
ESTUFA A VÁCUO (idem item 1) MA-030-12 MARCONI PIRACICABA/SP BRASIL    
BOMBA DE VÁCUO (idem item 1) MA-057-13 MARCONI PIRACICABA/SP BRASIL    
LIOFILIZADOR L101 LIOBRAS SÃO CARLOS/SP BRASIL  
CONECTADO A BOMBA DE VÁCUO (MA-
058/ MARCONI) 
EVAPORADOR ROTATIVO MA-120 MARCONI PIRACICABA/SP BRASIL  CONECTADA AO EVAPORADOR ROTATIVO 
BOMBA DE VÁCUO MA-058 MARCONI PIRACICABA/SP BRASIL  
REPRODUTIBILIDADE (DESVIO PADRÃO): 
0,1mg LINEARIDADE ±0,3 mg 
BALANÇA ANALÍTICA (idem item 01) U210A BEL PIRACICABA/SP BRASIL    
ESPECTROFOTÔMETRO UV-VIS LAMBDA 40 PERKIN ELMER 
WALTHAM 
/MASSACHUSE TTS 
EEUU   
CROMATROGRAFO          ANÁLISE FEITA NO CPQBA/UNICAMP 
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APÊNDICE B 
DADOS DAS ANÁLISES DA MATÉRIA PRIMA. 
 
APÊNDICE B.1: PROTOCOLO DAS DENSIDADED REAIS PARA O MILHO 
ROXO (Zea mays L.). 
 
[ 228 ] 
 
 
APÊNDICE B.1: PROTOCOLO DAS DENSIDADED REAIS PARA O MILHO 
ROXO (Zea mays L.), (continuação). 
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APÊNDICE B.2: PROTOCOLO DAS DENSIDADED REAIS PARA A PROPOLIS 
VERDE E PROPOLIS VERMELHO. 
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APÊNDICE B.2: PROTOCOLO DAS DENSIDADED REAIS PARA A PROPOLIS 
VERDE E PROPOLIS VERMELHO, (continuação). 
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APÊNDICE B.3: GRANULOMÉTRICA DIFERENCIAL DAS MATRIZES DO 
MILHO ROXO (Zea mays L.). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. B.1. Análise granulométrica do sabugo (a), pericárdio (b) e milho triturado (c) do milho roxo 
(Zea mays L.) 
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APÊNDICE C 
 
PROCEDIMENTO OPERACIONAL DA UNIDADE DE EXTRAÇÃO E 
FRACIONAMENTO 
 
 
A unidade de extração e fracionamento foi elaborado com o objetivo de obter 
extratos ricos em diferentes separadores. O Apêndice C traz os procedimentos 
necessários para o bom funcionamento e limpeza da unidade. O respectivo 
equipamento foi montado inicialmente por o Prof. Dr. Fernando Antonio Cabral, 
no ano 2014. 
 
S1 S2 S3 S4
E1 E2
B1
B2
ST
TC
MF
CO2
CO2
B3
S
C TB
T
1
FE
2
FE
3
FE
4
FE
TB
MF: Medidor de fluxo de massa
B1: Bomba 1 de CO2
B2: Bomba 2 de CO2 
B3: Bomba de solvente
ST: tanque de abastecimento
S: solvente (etanol a 96% ou etanol a 80%)
E1: Extractor 1
E2: Extractor 2
S1, S2, S3, S4: Separador
1FE, 2FE, 3FE, 4FE: Frações dos extratos
TB: Banho termostático
BP: Válvulas de contrapressão
 
Fig. C1: Diagrama esquemático da unidade experimental 
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APENDICE C.1: PROCESSO DE LIMPEZA DA UNIDADE. 
 
 
 
 
 
 
 
 
[ 234 ] 
 
 
APÊNDICE C.2: PROCESSO DE EXTRAÇÃO E FRACIONAMENTO DA 
UNIDADE. 
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APÊNDICE D 
 
MÉTODOS PARA ANÁLISES DOS EXTRATOS POR 
ESPECTROFOTOMETRIA. 
 
 
APÊNDICE D.1: ESQUEMA PARA A DETERMINAÇÃO DE ANTOCIANINAS 
MONOMÉRICAS TOTAIS PELO MÉTODO DE pH DIFERENCIAL 
 
 
 
Fig. D.1 - Esquema para a determinação de antocianinas monoméricas totais pelo 
método de pH diferencial. 
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APÊNDICE D.2: ESQUEMA PARA A DETERMINAÇÃO DE FENÓIS TOTAIS 
PELO MÉTODO DE FOLIN-CIOCALTEU 
 
Fig. D.2 - Esquema para a determinação de fenóis totais pelo método de Folin-
Ciocalteu para a curva padrão utilizando acido gálico (a) e para os extratos (b). 
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APÊNDICE D.3: ESQUEMA PARA A DETERMINAÇÃO DE FLAVONOIDES 
TOTAIS PELO MÉTODO DE FOLIN-CIOCALTEU E FLAVONOIDES TOTAIS. 
 
Fig. D.3 - Esquema para a determinação de flavonoides para a Curva (a) e para os 
extratos (b). 
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APÊNDICE D.4: CURVA PADRÃO PARA DETERMINAÇÃO DE FENÓIS 
TOTAIS E FLAVONÓIS TOTAIS. 
 
Tabela D.1 - Valores de absorbância para determinação da curva de calibração 
de Ácido Gálico e Catequina. 
ÁCIDO GÁLICO (FENOIS TOTAIS) 
 
CATEQUINA (FLAVONOIDES 
TOTAIS) 
Concentração 
diluição 
(mg/mL) 
Absorbância 
(nm) 
Média 
(nm) 
Desvio 
Padrão  
Concentração 
da diluição 
(mg/mL) 
Absorbância 
(nm) 
Média 
(nm) 
Desvio 
Padrão 
0,01 
0,0488 
0,0479 0,00081 
 
0,01 
0,0417 
0,04213 0,00040 0,0474  
0,0425 
0,0474  
0,0422 
0,02 
0,1006 
0,1004 0,00035 
 
0,02 
0,0754 
0,07606 0,00065 0,1006  
0,0767 
0,1000  
0,0761 
0,03 
0,1482 
0,1478 0,00053 
 
0,04 
0,1236 
0,123533 0,00011 0,1472  
0,1236 
0,1480  
0,1234 
0,04 
0,1827 
0,1823 0,00045 
 
0,05 
0,1561 
0,155867 0,00032 0,1818  
0,156 
0,1823  
0,1555 
0,05 
0,2245 
0,2250 0,00087 
 
0,06 
0,1925 
0,192567 0,00030 0,2245  
0,1929 
0,2260  
0,1923 
0,06 
0,2757 
0,2755 0,00021 
 
0,08 
0,2393 
0,237967 0,00130 0,2754  
0,2367 
0,2753  
0,2379 
0,07 
0,3125 
0,3126 0,00010 
 
0,09 
0,2667 
0,268167 0,00133 0,3126  
0,2685 
0,3127  
0,2693 
0,08 
0,3647 
0,3644 0,00026 
 
0,10 
0,3077 
0,308567 0,00176 0,3643  
0,3074 
0,3642  
0,3106 
0,09 
0,4088 
0,4060 0,00394 
 
0,11 
0,3533 
0,353767 0,00056 0,4077  
0,3544 
0,4015  
0,3536 
0,1 
0,4446 
0,4436 0,00111 
 
0,13 
0,3769 
0,377767 0,00085 0,4424  
0,3778 
0,4438   0,3786 
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Fig. D.4 - Curva de calibração de ácido gálico 
 
 
Fig. D.4 - Curva de calibração de catequina  
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APÊNDICE E 
 
MÉTODOS PARA ANÁLISES DOS EXTRATOS POR HPLC. 
 
APÊNDICE E.1: ESQUEMA PARA DETERMINAÇÃO DE COMPOSTOS 
ESPECIFICOS PARA MILHO ROXO (Zea mays L.) E PARA PRÓPOLIS 
VERDE 
DETECTOR
REGISTRO
DISOLVENTES 
(FM)
BOMBA
INTRODUÇÃO DA AMOSTRA
A
U
0.00
0.20
0.40
0.60
Minutes
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
C
O
L
U
N
A
S
C18
Cy-3-Glu, 
Pn-3-Glu e 
Pl-3-Glu
DHCA (Artepilin C), 
HCA e MTHF
Milho roxo 
(Zea mays L.)
Própolis verde
METANOL 0,5 %  AC. 
FORMICO
FM
METANOL
10 % 
AC. ACÉTICO
FM
Fig. E.1 - Esquema para determinação de compostos específicos para milho 
roxo (cy-3-glu, pn-3-glu e pl-3-glu) e para própolis verde (DHCA – Artepilin C, 
HCA e MTHF) a diferentes tempos de retenção e comprimento de onda. 
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APÊNDICE F 
 
ATIVIDADES ANTIOXIDANTES E BIOLOGICAS in vitro DOS EXTRATOS 
 
APÊNDICE F.1: ESQUEMA PARA A DETERMINAÇÃO DE ATIVIDADE 
ANTIOXIDANTE POR DPPH. 
 
Fig. F.1. - Esquema para a determinação de atividade antioxidante por DPPH. 
 
 
APÊNDICE F.1.1: CURVAS DOS PADRÕES PARA A DETERMINAÇÃO DE 
ATIVIDADE ANTIOXIDANTE POR DPPH. 
 
 
Fig. F.2 – Concentração da atividade antioxidante por DPPH (a) e Cálculo da 
concentração efetiva CE50 (b) para os padrões. 
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APÊNDICE F.1.2: MODELOS DE REGRESSÃO PARA O CALCULO DE CE50 
Tabela F.1 - Modelos de regressão empregados no calculo de CE50 . 
Tipo de 
análise  
Modelo Equação 
Linear 
Faixa linear 
completa 
Linear FC 
bxaAA (%)  
Faixa linear limitada Linear FL 
Não linear 
Exponencial 
Exponencial Exp. )1((%) bxeaAA   
Exponencial com 
uma fase associada 
Exp. FA )]1)([((%) cxeabaAA   
Não linear 
Logístico 
Logístico 3 
parâmetros 
L3P 
)1(
(%)
cxbe
a
AA

  
Logístico 4 
parâmetros 
L4P bx
ab
aAA
cxd ).(101
)(
(%)


  
      AA, atividade antioxidante (%), x: concentração do extrato (μg/mL) 
 
 
 
APÊNDICE F.2: ESQUEMA PARA A DETERMINAÇÃO DE ATIVIDADE 
ANTIMICROBIANA PELO MÉTODO DO HALO in vitro. 
 
 
 
Fig. F.4 - Esquema para a determinação de atividade antimicrobiana pelo 
método do halo. 
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APÊNDICE F.3: ATIVIDADE ANTIPLORIFERATIVA in vitro. 
 
Tabela F.2 - Relação das linhagens tumorais humanas utilizadas no teste in 
vitro para avaliação da atividade anticâncer dos extratos brutos e frações. 
Tipo Celular Código DI* (x 10
4 
células/ ml) 
Pulmão NCI-460 4,0 
Mama MCF-7 6,0 
Leucemia K562 6,0 
Ovário resistente** NCI-ADR 5,0 
Cólon HT-29 4,0 
Próstata PC-O3 5,0 
Melanoma UACC-62 5,0 
Ovário OVCAR-03 7,0 
Renal 786-0 4,5 
* DI: densidade de inoculação, ** Linhagem que expressa fenótipo de resistência a múltiplos 
fármacos. 
 
Fig. F.5 - Esquema da placa T0, utilizando como controlo durante o teste 
antiploriferativo in vitro. As letras e números representam abreviaturas das linhagens 
celulares, a saber: 2=U-251, U=UACC-62, M=MCF-7, A=NCI-ADR, 7=786-0, 4=NCI-
460, p=PC-3, O=OVCAR-3, H=HT-29, K=K562, V=VERO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. F.6 - Curva da concentração-
resposta da droga doxorrubicina 
(controle positivo) sobre as 
linhagens celulares, relacionando 
a porcentagem de crescimento 
da célula e a concentração de 
droga utilizada. 
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APÊNDICE G: DADOS EXPERIMENTAIS DOS EXTRATOS. 
 
APÊNDICE G.1: DADOS EXPERIMENTAIS OBTIDOS NAS EXTRAÇÕES  
 
Tabela G.1 - Dados da extração sequencial em leito fixo do sabugo de milho roxo (Zea mays 
L.) a 50 °C e 400bar (massa amostra: 5,0001g). 
Ponto Solvente 
Tempo 
(min) 
Massa 
do 
extrato 
(g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/massa 
de amostra (g) 
0 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
1 10 0,006 0,006 0,112 16,500 16,500 3,300 
2 10 0,005 0,011 0,216 16,500 33,000 6,600 
3 10 0,004 0,015 0,294 16,500 49,500 9,900 
4 20 0,003 0,018 0,362 33,000 82,500 16,500 
5 20 0,002 0,020 0,402 33,000 115,500 23,100 
6 20 0,002 0,022 0,446 33,000 148,500 29,700 
7 
Etanol 
10 0,035 0,058 1,156 3,925 152,425 30,485 
8 10 0,055 0,113 2,258 3,925 156,350 31,270 
9 10 0,068 0,181 3,612 3,925 160,275 32,055 
10 10 0,046 0,227 4,530 3,925 164,200 32,840 
11 10 0,026 0,253 5,056 3,925 168,125 33,625 
12 10 0,028 0,281 5,622 3,925 172,050 34,410 
13 20 0,028 0,309 6,182 7,850 179,900 35,980 
14 20 0,027 0,336 6,722 7,850 187,750 37,550 
15 20 0,026 0,362 7,248 7,850 195,600 39,120 
16 20 0,026 0,389 7,776 7,850 203,450 40,690 
17 20 0,023 0,412 8,242 7,850 211,300 42,260 
18 20 0,021 0,433 8,664 7,850 219,150 43,830 
19 30 0,030 0,463 9,256 11,775 230,925 46,185 
20 30 0,027 0,490 9,800 11,775 242,700 48,540 
21 30 0,017 0,507 10,148 11,775 254,475 50,895 
22 30 0,017 0,525 10,494 11,775 266,250 53,250 
22 30 0,017 0,541 10,828 11,775 278,025 55,605 
22 40 0,023 0,564 11,284 15,700 293,725 58,745 
22 40 0,015 0,579 11,588 15,700 309,425 61,885 
24 
Agua 
10 0,142 0,722 14,434 5,000 314,425 62,885 
25 10 0,107 0,829 16,576 5,000 319,425 63,885 
26 10 0,069 0,898 17,964 5,000 324,425 64,885 
27 10 0,049 0,947 18,948 5,000 329,425 65,885 
28 10 0,037 0,985 19,694 5,000 334,425 66,885 
29 10 0,031 1,016 20,312 5,000 339,425 67,885 
30 10 0,026 1,041 20,822 5,000 344,425 68,885 
31 10 0,021 1,062 21,244 5,000 349,425 69,885 
32 20 0,032 1,094 21,888 10,000 359,425 71,885 
33 20 0,025 1,119 22,382 10,000 369,425 73,885 
34 20 0,021 1,140 22,800 10,000 379,425 75,885 
35 20 0,018 1,158 23,166 10,000 389,425 77,885 
36 20 0,016 1,175 23,492 10,000 399,425 79,885 
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Continuação. 
  
Tabela G.1 - Dados da extração sequencial em leito fixo do sabugo de milho roxo (Zea mays 
L.) a 50 °C e 400bar (massa amostra: 5,0001g). 
Ponto Solvente 
Tempo 
(min) 
Massa 
do 
extrato 
(g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa 
de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/massa 
de amostra (g) 
37 
Agua 
20 0,0143 1,1889 23,778 10 409,425 81,885 
38 20 0,0139 1,2028 24,056 10 419,425 83,885 
39 20 0,0132 1,216 24,32 10 429,425 85,885 
40 30 0,0151 1,2311 24,622 15 444,425 88,885 
41 30 0,0142 1,2453 24,906 15 459,425 91,885 
42 30 0,0137 1,259 25,18 15 474,425 94,885 
43 30 0,0151 1,2741 25,482 15 489,425 97,885 
44 30 0,0152 1,2893 25,786 15 504,425 100,885 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[ 249 ] 
 
 
Tabela G.2 - Dados da extração sequencial em leito fixo do grão inteiro de milho roxo (Zea 
mays L.) a 50 °C e 400bar (massa amostra: 29,762g). 
 
Ponto Solvente 
Tempo 
(min) 
Massa do 
extrato 
(g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
0 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
1 10 0,002 0,002 0,006 16,500 16,500 0,554 
2 10 0,051 0,053 0,178 16,500 33,000 1,109 
3 10 0,007 0,060 0,200 16,500 49,500 1,663 
4 10 0,000 0,060 0,201 16,500 66,000 2,218 
5 10 0,004 0,063 0,213 16,500 82,500 2,772 
6 10 0,003 0,066 0,223 23,100 105,600 3,548 
7 
Etanol 
10 0,004 0,071 0,238 3,925 109,525 3,680 
8 10 0,002 0,073 0,246 3,925 113,450 3,812 
9 10 0,002 0,075 0,253 3,925 117,375 3,944 
10 10 0,000 0,076 0,254 3,925 121,300 4,076 
11 10 0,002 0,078 0,260 3,925 125,225 4,208 
12 10 0,002 0,079 0,266 3,925 129,150 4,339 
13 20 0,003 0,082 0,276 7,850 137,000 4,603 
14 20 0,003 0,086 0,287 7,850 144,850 4,867 
15 20 0,003 0,088 0,296 7,850 152,700 5,131 
16 20 0,003 0,091 0,306 7,850 160,550 5,394 
17 20 0,003 0,094 0,316 7,850 168,400 5,658 
18 30 0,003 0,097 0,327 11,775 180,175 6,054 
19 30 0,003 0,100 0,336 11,775 191,950 6,449 
20 10 0,001 0,101 0,340 11,775 203,725 6,845 
21 
Agua 
10 0,009 0,110 0,371 5,000 208,725 7,013 
22 10 0,021 0,132 0,443 5,000 213,725 7,181 
23 10 0,021 0,152 0,512 5,000 218,725 7,349 
24 10 0,019 0,171 0,575 5,000 223,725 7,517 
25 10 0,012 0,183 0,616 5,000 228,725 7,685 
26 10 0,018 0,201 0,675 5,000 233,725 7,853 
27 10 0,017 0,218 0,731 5,000 238,725 8,021 
28 10 0,017 0,234 0,787 5,000 243,725 8,189 
29 20 0,033 0,267 0,897 10,000 253,725 8,525 
30 20 0,032 0,299 1,005 10,000 263,725 8,861 
31 20 0,031 0,330 1,107 10,000 273,725 9,197 
32 20 0,032 0,361 1,214 10,000 283,725 9,533 
33 20 0,033 0,395 1,327 10,000 293,725 9,869 
34 20 0,033 0,428 1,437 10,000 303,725 10,205 
35 30 0,050 0,478 1,605 15,000 318,725 10,709 
36 30 0,051 0,529 1,777 15,000 333,725 11,213 
37 30 0,053 0,581 1,953 15,000 348,725 11,717 
38 30 0,109 0,690 2,319 15,000 363,725 12,221 
39 30 0,274 0,964 3,240 15,000 378,725 12,725 
40 30 0,069 1,033 3,470 15,000 393,725 13,229 
41 40 0,077 1,110 3,729 20,000 413,725 13,901 
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Tabela G.3 - Dados da extração sequencial em leito fixo do grão triturado de milho roxo (Zea 
mays L.) a 50 °C e 400 bar (massa amostra: 5,0064g). 
 
Ponto Solvente 
Tempo 
(min) 
Massa do 
extrato 
(g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
0 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
1 10 0,060 0,060 1,190 16,500 16,500 3,296 
2 10 0,015 0,075 1,492 16,500 33,000 6,592 
3 10 0,024 0,098 1,965 16,500 49,500 9,887 
4 10 0,011 0,110 2,193 16,500 66,000 13,183 
5 10 0,020 0,130 2,595 16,500 82,500 16,479 
6 10 0,033 0,163 3,260 33,000 115,500 23,070 
7 20 0,002 0,165 3,292 33,000 148,500 29,662 
8 20 0,001 0,165 3,306 33,000 181,500 36,254 
9 20 0,001 0,167 3,330 33,000 214,500 42,845 
10 
Etanol 
10 0,040 0,207 4,135 3,925 218,425 43,629 
11 10 0,032 0,239 4,766 3,925 222,350 44,413 
12 10 0,017 0,256 5,113 3,925 226,275 45,197 
13 10 0,013 0,269 5,371 3,925 230,200 45,981 
14 10 0,012 0,281 5,609 3,925 234,125 46,765 
15 10 0,009 0,290 5,795 3,925 238,050 47,549 
16 20 0,017 0,307 6,136 7,850 245,900 49,117 
17 20 0,019 0,326 6,508 7,850 253,750 50,685 
18 20 0,009 0,334 6,679 7,850 261,600 52,253 
19 20 0,012 0,346 6,919 7,850 269,450 53,821 
20 
Agua 
10 0,019 0,366 7,305 5,000 274,450 54,820 
21 10 0,015 0,380 7,596 5,000 279,450 55,819 
22 10 0,008 0,388 7,758 5,000 284,450 56,817 
23 10 0,005 0,394 7,864 5,000 289,450 57,816 
24 10 0,010 0,404 8,060 5,000 294,450 58,815 
25 10 0,051 0,455 9,086 5,000 299,450 59,813 
26 10 0,118 0,573 11,447 5,000 304,450 60,812 
27 10 0,070 0,644 12,854 5,000 309,450 61,811 
28 10 0,031 0,675 13,481 5,000 314,450 62,810 
29 10 0,018 0,693 13,834 5,000 319,450 63,808 
30 20 0,016 0,708 14,148 10,000 329,450 65,806 
31 20 0,010 0,718 14,342 10,000 339,450 67,803 
32 20 0,008 0,726 14,495 10,000 349,450 69,801 
33 20 0,005 0,731 14,597 10,000 359,450 71,798 
34 30 0,006 0,737 14,719 15,000 374,450 74,794 
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Tabela G.4 - Dados da extração sequencial em leito fixo do pericarpo de milho roxo (Zea mays 
L.) a 50 °C e 400 bar (massa amostra: 5,0078g). 
 
Ponto Solvente 
Tempo 
(min) 
Massa do 
extrato 
(g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
0 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
1 10 0,004 0,004 0,078 16,500 16,500 3,295 
2 10 0,002 0,006 0,120 16,500 33,000 6,590 
3 10 0,002 0,008 0,164 16,500 49,500 9,885 
4 10 0,002 0,011 0,212 16,500 66,000 13,179 
5 10 0,002 0,013 0,254 16,500 82,500 16,474 
6 10 0,002 0,015 0,302 16,500 99,000 19,769 
7 10 0,003 0,018 0,363 33,000 132,000 26,359 
8 20 0,002 0,020 0,403 33,000 165,000 32,949 
7 
Etanol 
10 0,043 0,064 1,270 3,925 168,925 33,732 
8 10 0,061 0,124 2,480 3,925 172,850 34,516 
9 10 0,066 0,190 3,804 3,925 176,775 35,300 
10 10 0,058 0,249 4,966 3,925 180,700 36,084 
11 10 0,028 0,276 5,521 3,925 184,625 36,867 
12 10 0,039 0,315 6,300 3,925 188,550 37,651 
13 10 0,039 0,355 7,087 3,925 192,475 38,435 
14 10 0,029 0,383 7,658 3,925 196,400 39,219 
15 20 0,038 0,421 8,409 7,850 204,250 40,786 
16 20 0,023 0,444 8,874 7,850 212,100 42,354 
17 20 0,024 0,468 9,343 7,850 219,950 43,921 
18 20 0,018 0,486 9,695 7,850 227,800 45,489 
24 
Agua 
10 0,019 0,505 10,080 5,000 232,800 46,487 
25 10 0,025 0,530 10,585 5,000 237,800 47,486 
26 10 0,176 0,706 14,096 5,000 242,800 48,484 
27 10 0,119 0,825 16,474 5,000 247,800 49,483 
28 10 0,082 0,907 18,106 5,000 252,800 50,481 
29 10 0,060 0,967 19,312 5,000 257,800 51,480 
30 10 0,037 1,004 20,055 5,000 262,800 52,478 
31 10 0,019 1,023 20,436 5,000 267,800 53,477 
32 20 0,026 1,050 20,957 10,000 277,800 55,473 
33 20 0,020 1,069 21,347 10,000 287,800 57,470 
34 20 0,011 1,080 21,568 10,000 297,800 59,467 
35 20 0,006 1,086 21,690 10,000 307,800 61,464 
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Tabela G.5 - Dados da 1º extração sequencial em leito fixo do sabugo de milho roxo (Zea 
mays L.) a 50 °C e 400 bar com tempos fixos (massa amostra: 5,0247 g). 
 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa acumulada 
do extrato (g) 
Rendimento 
acumulado (%) 
Massa de solvente 
acumulada (g) 
Massa de solvente/ 
massa de amostra 
(g) 
CO2 
0 0,000 0,000 0,000 0,000 0,000 
10 0,006 0,006 0,123 16,500 3,284 
10 0,004 0,010 0,195 33,000 6,568 
10 0,004 0,013 0,265 49,500 9,851 
10 0,005 0,018 0,360 66,000 13,135 
10 0,004 0,022 0,440 82,500 16,419 
10 0,004 0,026 0,511 99,000 19,703 
10 0,004 0,030 0,599 115,500 22,986 
10 0,005 0,035 0,695 132,000 26,270 
10 0,003 0,038 0,756 148,500 29,554 
Etanol 
10 0,050 0,088 1,753 152,426 30,335 
10 0,074 0,162 3,230 156,352 31,117 
10 0,047 0,209 4,163 160,278 31,898 
10 0,069 0,279 5,545 164,204 32,679 
10 0,033 0,312 6,205 168,131 33,461 
10 0,026 0,338 6,725 172,057 34,242 
10 0,028 0,366 7,278 175,983 35,024 
10 0,026 0,392 7,803 179,909 35,805 
10 0,020 0,412 8,205 183,835 36,586 
20 0,034 0,446 8,884 191,687 38,149 
20 0,029 0,475 9,457 199,539 39,712 
20 0,020 0,495 9,851 207,392 41,274 
Água 
10 0,027 0,522 10,381 212,392 42,269 
10 0,125 0,647 12,876 217,392 43,265 
10 0,156 0,803 15,975 222,392 44,260 
10 0,045 0,848 16,875 227,392 45,255 
10 0,036 0,884 17,599 232,392 46,250 
10 0,014 0,899 17,884 237,392 47,245 
10 0,023 0,921 18,339 242,392 48,240 
10 0,052 0,973 19,364 247,392 49,235 
10 0,031 1,004 19,973 252,392 50,230 
20 0,022 1,025 20,405 262,392 52,220 
20 0,027 1,052 20,941 272,392 54,211 
20 0,025 1,077 21,430 282,392 56,201 
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Tabela G.6 - Dados da 2º extração sequencial em leito fixo do sabugo de milho roxo (Zea 
mays L.) a 50 °C e 400 bar com tempos fixos (massa amostra: 5,0100 g). 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa acumulada 
do extrato (g) 
Rendimento 
(%) 
Massa de solvente 
acumulada (g) 
Massa de solvente/ 
massa de amostra (g) 
 
 
CO2 
0 0,000 0,000 0,000 0,000 0,000 
10 0,003 0,003 0,068 16,500 3,293 
10 0,003 0,006 0,120 33,000 6,587 
10 0,003 0,009 0,188 49,500 9,880 
10 0,003 0,012 0,250 66,000 13,174 
10 0,002 0,015 0,295 82,500 16,467 
10 0,003 0,018 0,349 99,000 19,760 
10 0,003 0,021 0,411 115,500 23,054 
10 0,002 0,023 0,451 132,000 26,347 
10 0,002 0,025 0,497 148,500 29,641 
Etanol 
10 0,077 0,102 2,036 152,426 30,424 
10 0,089 0,191 3,814 156,352 31,208 
10 0,075 0,266 5,311 160,278 31,992 
10 0,051 0,317 6,323 164,204 32,775 
10 0,039 0,355 7,094 168,131 33,559 
10 0,033 0,388 7,752 172,057 34,343 
10 0,024 0,413 8,236 175,983 35,126 
10 0,023 0,436 8,703 179,909 35,910 
10 0,020 0,456 9,110 183,835 36,694 
20 0,033 0,489 9,766 191,687 38,261 
20 0,026 0,516 10,293 199,539 39,828 
20 0,022 0,538 10,733 207,392 41,396 
Água 
10 0,034 0,572 11,411 212,392 42,394 
10 0,176 0,747 14,916 217,392 43,392 
10 0,137 0,885 17,657 222,392 44,390 
10 0,075 0,959 19,146 227,392 45,388 
10 0,052 1,011 20,176 232,392 46,386 
10 0,038 1,049 20,938 237,392 47,384 
10 0,029 1,078 21,515 242,392 48,382 
10 0,022 1,100 21,958 247,392 49,380 
10 0,014 1,114 22,244 252,392 50,378 
20 0,020 1,134 22,635 262,392 52,374 
20 0,010 1,144 22,840 272,392 54,370 
20 0,014 1,158 23,120 282,392 56,366 
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Tabela G.7 - Dados da 3º extração sequencial em leito fixo do sabugo de milho roxo (Zea 
mays L.) a 50 °C e 400 bar com tempos fixos (massa amostra: 5,0247g). 
 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa acumulada 
do extrato (g) 
Rendimento 
(%) 
Massa de solvente 
acumulada (g) 
Massa de solvente/ 
massa de amostra (g) 
CO2 
0 0,000 0,000 0,000 0,000 0,000 
10 0,003 0,003 0,067 16,443 3,289 
10 0,003 0,006 0,118 32,886 6,577 
10 0,003 0,009 0,184 49,329 9,866 
10 0,003 0,012 0,245 65,772 13,154 
10 0,002 0,015 0,290 82,215 16,443 
10 0,003 0,018 0,343 98,658 19,732 
10 0,003 0,021 0,404 115,101 23,020 
10 0,002 0,023 0,443 131,544 26,309 
10 0,002 0,025 0,488 147,987 29,597 
Etanol 
10 0,077 0,102 2,000 151,899 30,380 
10 0,089 0,191 3,747 155,812 31,162 
10 0,075 0,266 5,218 159,724 31,945 
10 0,051 0,317 6,212 163,637 32,727 
10 0,039 0,355 6,969 167,549 33,510 
10 0,033 0,388 7,616 171,462 34,292 
10 0,024 0,413 8,090 175,375 35,075 
10 0,023 0,436 8,549 179,287 35,857 
10 0,020 0,456 8,949 183,200 36,640 
20 0,033 0,489 9,594 191,025 38,205 
20 0,026 0,516 10,112 198,850 39,770 
20 0,022 0,538 10,543 206,675 41,335 
Água 
10 0,034 0,572 11,210 211,658 42,332 
10 0,176 0,747 14,653 216,640 43,328 
10 0,137 0,885 17,345 221,623 44,325 
10 0,075 0,959 18,808 226,606 45,321 
10 0,052 1,011 19,820 231,588 46,318 
10 0,038 1,049 20,569 236,571 47,314 
10 0,029 1,078 21,135 241,554 48,311 
10 0,022 1,100 21,571 246,537 49,307 
10 0,014 1,114 21,851 251,519 50,304 
20 0,020 1,134 22,235 261,485 52,297 
20 0,010 1,144 22,437 271,450 54,290 
20 0,014 1,158 22,712 281,416 56,283 
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Tabela G.8 - Dados da 1º extração sequencial em leito fixo do pericarpo do milho roxo (Zea 
mays L.) a 50 °C e 400bar (massa amostra: 5,0358 g). 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa acumulada 
do extrato (g) 
Rendimento 
(%) 
Massa de solvente 
acumulada (g) 
 
Massa de solvente/ 
massa de amostra (g) 
 
CO2 
0 0,000 0 0,00 0 0,00 
10 0,003 0,0029 0,06 16,50 3,28 
10 0,001 0,0042 0,08 33,00 6,55 
10 0,001 0,0055 0,11 49,50 9,83 
10 0,006 0,0118 0,23 66,00 13,11 
10 0,005 0,0170 0,34 82,50 16,38 
10 0,002 0,0192 0,38 99,00 19,66 
10 0,002 0,0214 0,42 115,50 22,94 
10 0,001 0,0221 0,44 132,00 26,21 
10 0,004 0,0263 0,52 148,50 29,49 
10 0,007 0,0336 0,67 165,00 32,77 
DESP. 0,000 0,0336 0,67 165,00 32,77 
Etanol 
10 0,0320 0,0656 1,30 168,93 33,62 
10 0,0253 0,0909 1,81 172,85 34,40 
10 0,0180 0,1089 2,16 176,78 35,18 
10 0,0140 0,1229 2,44 180,70 35,96 
10 0,0118 0,1347 2,67 184,63 36,74 
10 0,0115 0,1462 2,90 188,56 37,53 
10 0,0192 0,1654 3,28 196,41 39,09 
10 0,0161 0,1815 3,60 204,26 40,65 
10 0,0222 0,2037 4,04 216,04 43,00 
20 0,0137 0,2174 4,32 227,82 45,34 
20 0,0180 0,2354 4,67 239,60 47,68 
20 0,0166 0,2520 5,00 251,37 50,03 
Água 
10 0,0111 0,2631 5,22 256,37 51,02 
10 0,1823 0,4454 8,84 261,37 52,02 
10 0,2407 0,6861 13,62 266,37 53,01 
10 0,1245 0,8106 16,10 271,37 54,01 
10 0,0759 0,8865 17,60 276,37 55,00 
10 0,0532 0,9397 18,66 281,37 56,00 
10 0,0404 0,9801 19,46 286,37 56,99 
10 0,0317 1,0118 20,09 291,37 57,99 
10 0,0469 1,0587 21,02 301,37 59,98 
20 0,0258 1,0845 21,54 311,37 61,97 
20 0,0193 1,1038 21,92 321,37 63,96 
20 0,0138 1,1176 22,19 331,37 65,95 
30 0,0198 1,1374 22,59 346,37 68,93 
30 0,0178 1,1552 22,94 361,37 71,92 
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Tabela G.9 - Dados da 2º extração sequencial em leito fixo do pericarpo do milho roxo (Zea 
mays L.) a 50 °C e 400bar (massa amostra: 5,0033 g). 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ massa 
de amostra (g) 
CO2 
0 0,000 0 0,00 0 0,00 
10 0,003 0,0029 0,06 17 3,30 
10 0,002 0,0048 0,10 33 6,60 
10 0,005 0,0096 0,19 50 9,89 
10 0,002 0,0120 0,24 66 13,19 
10 0,002 0,0135 0,27 83 16,49 
10 0,002 0,0155 0,31 99 19,79 
10 0,002 0,0173 0,35 107 21,44 
10 0,001 0,0187 0,37 116 23,08 
10 0,001 0,0199 0,40 132 26,38 
10 0,001 0,0212 0,42 149 29,68 
DESP. 0,002 0,0229 0,46 165 32,98 
Etanol 
10 0,0288 0,0517 1,03 168,93 33,76 
10 0,0331 0,0848 1,69 172,85 34,55 
10 0,0276 0,1124 2,25 176,78 35,33 
10 0,0171 0,1295 2,59 180,70 36,12 
10 0,0155 0,1450 2,90 184,63 36,90 
10 0,0120 0,1570 3,14 188,56 37,69 
10 0,0223 0,1793 3,58 196,41 39,26 
10 0,0158 0,1951 3,90 204,26 40,83 
10 0,0261 0,2212 4,42 216,04 43,18 
20 0,0163 0,2375 4,75 227,82 45,53 
20 0,0168 0,2543 5,08 239,60 47,89 
20 0,0138 0,2681 5,36 251,37 50,24 
Água 
10 0,0055 0,2736 5,47 256,37 51,24 
10 0,1801 0,4537 9,07 261,37 52,24 
10 0,2079 0,6616 13,22 266,37 53,24 
10 0,1432 0,8048 16,09 271,37 54,24 
10 0,0805 0,8853 17,69 276,37 55,24 
10 0,0711 0,9564 19,12 281,37 56,24 
10 0,0420 0,9984 19,95 286,37 57,24 
10 0,0367 1,0351 20,69 291,37 58,24 
10 0,0444 1,0795 21,58 301,37 60,24 
20 0,0278 1,1073 22,13 311,37 62,23 
20 0,0212 1,1285 22,56 321,37 64,23 
20 0,0157 1,1442 22,87 331,37 66,23 
30 0,0217 1,1659 23,30 346,37 69,23 
30 0,0172 1,1831 23,65 361,37 72,23 
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Tabela G.10 - Dados da 3º extração sequencial em leito fixo do pericarpo do milho roxo (Zea 
mays L.) a 50 °C e 400bar (massa amostra: 5,0855 g). 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa acumulada 
do extrato (g) 
Rendimento 
(%) 
Massa de solvente 
acumulada (g) 
Massa de solvente/ 
massa de amostra (g) 
CO2 
0 0,000 0 0,00 0 0,00 
10 0,002 0,0017 0,03 17 3,24 
10 0,000 0,0020 0,04 33 6,49 
10 0,010 0,0120 0,24 50 9,73 
10 0,016 0,0284 0,56 66 12,98 
10 0,004 0,0324 0,64 83 16,22 
10 0,011 0,0435 0,86 99 19,47 
10 0,000 0,0436 0,86 116 22,71 
10 0,004 0,0479 0,94 132 25,96 
10 0,001 0,0493 0,97 149 29,20 
10 0,001 0,0506 0,99 165 32,45 
DESP. 0,000 0,0506   165 32,45 
Etanol 
10 0,0331 0,0837 1,65 168,93 33,22 
10 0,0273 0,1110 2,18 172,85 33,99 
10 0,0216 0,1326 2,61 176,78 34,76 
10 0,0194 0,1520 2,99 180,70 35,53 
10 0,0166 0,1686 3,32 184,63 36,31 
10 0,0155 0,1841 3,62 188,56 37,08 
10 0,0291 0,2132 4,19 196,41 38,62 
10 0,0216 0,2348 4,62 204,26 40,17 
10 0,0298 0,2646 5,20 216,04 42,48 
20 0,0291 0,2937 5,78 227,82 44,80 
20 0,0217 0,3154 6,20 239,60 47,11 
20 0,0177 0,3331 6,55 251,37 49,43 
Água 
10 0,1148 0,4479 8,81 256,37 50,41 
10 0,1781 0,6260 12,31 261,37 51,40 
10 0,2036 0,8296 16,31 266,37 52,38 
10 0,1276 0,9572 18,82 271,37 53,36 
10 0,0853 1,0425 20,50 276,37 54,35 
10 0,0523 1,0948 21,53 281,37 55,33 
10 0,0326 1,1274 22,17 286,37 56,31 
10 0,0219 1,1493 22,60 291,37 57,30 
10 0,0275 1,1768 23,14 301,37 59,26 
20 0,0201 1,1969 23,54 311,37 61,23 
20 0,0156 1,2125 23,84 321,37 63,19 
20 0,0149 1,2274 24,14 331,37 65,16 
30 0,0195 1,2469 24,52 346,37 68,11 
30 0,0171 1,2640 24,85 361,37 71,06 
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Tabela G.11 - Cinética de extração do sabugo de milho roxo (Zea mays L.) a 50 °C e 400 bar 
em uma etapa com Co-solvente (Massa da amostra 5,0005 g). 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento (%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2  
+ 
 Etanol  
(CE) 
0 0,000 0,000 0,000 0,000 0,000 
12 0,007 0,007 0,133 24,980 4,996 
25 0,014 0,021 0,416 50,809 10,162 
41 0,103 0,124 2,458 78,227 15,645 
50 0,029 0,152 3,029 101,088 20,218 
10 0,009 0,162 3,216 124,655 24,931 
20 0,008 0,169 3,365 148,222 29,644 
29 0,006 0,175 3,481 171,266 34,253 
39 0,006 0,181 3,604 194,833 38,967 
48 0,005 0,186 3,698 217,700 43,540 
57 0,004 0,190 3,783 240,567 48,113 
65 0,004 0,194 3,867 262,551 52,510 
72 0,001 0,196 3,893 283,998 56,800 
79 0,012 0,208 4,130 305,445 61,089 
86 0,005 0,213 4,233 326,892 65,378 
93 0,015 0,228 4,538 348,392 69,678 
100 0,011 0,239 4,757 391,392 78,278 
107 0,010 0,249 4,956 434,392 86,878 
114 0,010 0,259 5,155 477,392 95,478 
121 0,001 0,260 5,174 520,392 104,078 
128 0,001 0,261 5,194 553,142 110,628 
 
 
Tabela G.12 - Corrida 19: Cinética de extração do sabugo de milho roxo (Zea mays L.) a 50 °C 
e 400 com Co-solvente (massa inicial de amostra: 5,0247 g). 
Solvente Tempo (min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento (%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2  
+ 
 H2O  
(CW) 
0 0,000 0,000 0,000 0,000 0,000 
8 0,011 0,011 0,217 23,925 4,761 
17 0,005 0,016 0,308 47,850 9,523 
25 0,328 0,344 6,844 71,775 14,284 
33 0,234 0,578 11,505 95,700 19,046 
41 0,108 0,686 13,661 119,625 23,807 
50 0,062 0,748 14,892 143,550 28,569 
58 0,023 0,771 15,348 167,475 33,330 
66 0,012 0,784 15,597 191,400 38,092 
82 0,016 0,800 15,913 238,980 47,561 
107 0,012 0,812 16,152 310,755 61,845 
132 0,011 0,823 16,371 382,530 76,130 
156 0,010 0,833 16,570 428,880 85,354 
179 0,009 0,842 16,749 474,330 94,400 
197 0,002 0,844 16,789 515,280 102,549 
212 0,001 0,845 16,809 553,530 110,162 
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Tabela G.13 - Cinética de extração do sabugo de milho roxo (Zea mays L.) a 50 °C e 400 bar 
com Co-solvente (massa inicial de amostra: 5,0004 g) 
 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento (%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2  
+  
EtOH-H2O 
(50:50, 
v/v) 
(CE50) 
5,40 0,000 0,000 0,040 20,986 4,179 
11,40 0,002 0,002 0,068 42,470 8,457 
19,49 0,001 0,003 0,094 65,690 13,081 
26,00 0,001 0,005 3,819 87,598 17,444 
33,59 0,187 0,192 10,534 110,403 21,985 
41,93 0,337 0,529 13,949 133,831 26,650 
49,10 0,172 0,700 15,956 156,287 31,122 
55,19 0,101 0,801 16,952 177,846 35,415 
58,70 0,050 0,851 17,378 197,262 39,281 
64,89 0,021 0,873 18,027 218,904 43,591 
71,14 0,033 0,905 18,589 240,596 47,910 
76,72 0,028 0,933 18,933 261,731 52,119 
83,81 0,017 0,951 19,423 284,121 56,578 
93,97 0,025 0,975 19,941 325,561 64,830 
105,25 0,026 1,001 20,405 367,931 73,267 
113,84 0,023 1,025 20,646 408,067 81,259 
126,08 0,012 1,037 21,034 451,235 89,855 
136,58 0,020 1,056 21,387 492,957 98,163 
148,77 0,018 1,074 21,634 552,583 110,037 
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Tabela G.14 - Cinética de do sabugo de milho roxo (Zea mays L.) a 50 °C e 400 bar com Co-
solvente (massa inicial de amostra: 5,0218 g) 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento (%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2  
+ 
EtOH-
H2O 
(70:30, 
v/v) 
(CE70) 
0 0,000 0,000 0,000 0,000 0,000 
5 0,010 0,010 0,199 20,986 4,179 
11 0,009 0,019 0,386 42,470 8,457 
19 0,009 0,029 0,572 65,690 13,081 
26 0,195 0,224 4,457 87,598 17,444 
34 0,345 0,569 11,331 110,403 21,985 
42 0,180 0,748 14,905 133,831 26,650 
49 0,109 0,857 17,072 156,287 31,122 
55 0,058 0,915 18,227 177,846 35,415 
59 0,029 0,945 18,812 197,262 39,281 
65 0,041 0,985 19,620 218,904 43,591 
71 0,036 1,022 20,341 240,596 47,910 
77 0,025 1,047 20,845 261,731 52,119 
84 0,033 1,079 21,494 284,121 56,578 
 
94 0,034 1,113 22,171 325,561 64,830 
105 0,031 1,145 22,795 367,931 73,267 
114 0,020 1,165 23,195 408,067 81,259 
126 0,028 1,192 23,742 451,235 89,855 
137 0,023 1,215 24,200 492,957 98,163 
149 0,011 1,226 24,420 552,583 110,037 
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Tabela G.15 - Cinética do pericarpo do milho roxo (Zea mays L.) a 50 °C e 400 bar com Co-
solvente (massa inicial de amostra: 5,0301 g) 
Solvente Tempo (min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2 + 
EtOH-H2O 
(70:30, v/v) 
(CE70) 
0,00 0,000 0,000 0,000 0,000 0,000 
24,54 0,000 0,000 0,000 0,000 0,000 
32,72 0,268 0,268 5,364 22,835 4,565 
40,90 0,133 0,401 8,022 45,670 9,130 
49,08 0,157 0,558 11,153 68,504 13,695 
57,27 0,105 0,663 13,252 91,339 18,259 
65,45 0,126 0,789 15,777 114,174 22,824 
73,63 0,134 0,923 18,453 137,009 27,389 
81,81 0,104 1,027 20,536 159,844 31,954 
89,99 0,083 1,111 22,204 182,679 36,519 
98,18 0,029 1,140 22,783 205,513 41,084 
106,36 0,016 1,155 23,093 251,183 50,214 
122,72 0,044 1,199 23,976 296,853 59,343 
139,09 0,021 1,221 24,401 388,192 77,603 
155,45 0,029 1,250 24,980 433,862 86,732 
171,81 0,021 1,271 25,400 485,223 97,000 
 
 
Tabela G.16 - Cinética do pericarpo do milho roxo (Zea mays L.) a 60 °C e 400 bar com Co-
solvente: (massa inicial de amostra: 5,0301 g) 
Solvente Tempo (min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2 + 
EtOH-H2O 
(70:30, v/v) 
(CE70) 
0,00 0,000 0,000 0,000 0,000 0,000 
24,40 0,000 0,000 0,000 0,000 0,000 
32,72 0,275 0,275 5,384 23,279 4,565 
40,90 0,364 0,638 12,513 46,558 9,129 
49,08 0,311 0,949 18,604 69,838 13,694 
57,26 0,199 1,148 22,514 93,117 18,258 
65,44 0,074 1,222 23,960 116,396 22,823 
73,62 0,022 1,244 24,399 139,675 27,387 
81,80 0,041 1,286 25,210 162,955 31,952 
89,98 0,032 1,317 25,831 186,234 36,516 
98,16 0,040 1,357 26,614 209,513 41,081 
106,34 0,034 1,391 27,274 232,792 45,646 
122,70 0,039 1,430 28,037 279,351 54,775 
139,06 0,033 1,463 28,693 325,909 63,904 
155,06 0,010 1,473 28,892 451,067 88,444 
171,06 0,010 1,484 29,091 497,337 97,517 
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Tabela G.17 - Cinética do pericarpo do milho roxo (Zea mays L.) a 50 °C e 400 bar  (massa 
inicial de amostra: 5,0301 g). 
Solvente Tempo (min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
EtOH-H2O 
(70:30, v/v) 
(CE70) 
0,00 0,000 0,000 0,000 0,000 0,000 
24,55 0,655 0,655 13,026 17,352 3,449 
32,73 0,080 0,735 14,618 23,137 4,599 
40,92 0,090 0,825 16,399 28,923 5,749 
49,11 0,025 0,850 16,892 34,710 6,899 
57,30 0,026 0,876 17,409 40,498 8,050 
65,48 0,000 0,876 17,409 46,286 9,200 
73,67 0,023 0,898 17,857 52,075 10,351 
81,87 0,022 0,921 18,302 57,864 11,502 
90,06 0,016 0,936 18,614 63,654 12,652 
98,25 0,018 0,954 18,968 69,446 13,804 
106,44 0,018 0,972 19,320 75,237 14,955 
122,83 0,016 0,988 19,636 86,821 17,257 
139,22 0,030 1,018 20,238 98,404 19,560 
155,61 0,033 1,051 20,890 109,988 21,862 
172,00 0,041 1,092 21,700 121,571 24,164 
 
 
Tabela C.18 - Cinética do pericarpo do milho roxo (Zea mays L.) a 60 °C e 400 bar com Co-
solvente: (massa inicial de amostra: 5,0301 g) 
 
Solvente Tempo (min) 
Massa do 
extrato (g) 
Massa 
acumulada do 
extrato (g) 
Rendimento 
(%) 
Massa de 
solvente 
acumulada (g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
EtOH-H2O 
(70:30, v/v) 
(CE70) 
0,00 0,000 0,000 0,000 0,000 0,000 
24,55 0,701 0,701 14,028 17,245 3,449 
32,73 0,054 0,756 15,117 22,995 4,599 
40,92 0,047 0,802 16,049 28,745 5,749 
49,11 0,049 0,851 17,029 34,496 6,899 
57,30 0,036 0,888 17,759 40,248 8,050 
65,48 0,026 0,914 18,284 46,000 9,200 
73,67 0,026 0,940 18,807 51,754 10,351 
81,87 0,020 0,960 19,204 57,508 11,502 
90,06 0,021 0,982 19,632 63,262 12,652 
98,25 0,019 1,001 20,014 69,018 13,804 
106,44 0,033 1,034 20,683 74,774 14,955 
122,83 0,052 1,086 21,725 86,286 17,257 
139,22 0,037 1,123 22,460 97,798 19,560 
155,61 0,047 1,170 23,408 109,310 21,862 
172,00 0,045 1,215 24,300 120,822 24,164 
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Tabela G.19 - Cinética da própolis verde a 50 °C e 250 bar em uma única etapa com 
co-solvente (massa inicial de amostra: 4,9901 g) 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra 
(g) 
scCO2 + 
EtOH-
H2O 
(80:30, 
v/v) 
0,00 0,000 0,000 0,000 0,000 0,000 0,000 
11,00 0,010 0,010 0,064 25,212 25,212 5,057 
21,00 0,140 0,150 2,872 24,420 49,632 9,955 
30,00 0,513 0,663 18,830 23,628 73,260 14,694 
40,00 0,430 1,093 29,631 24,420 97,680 19,592 
60,03 0,334 1,427 37,415 48,864 146,544 29,392 
78,53 0,245 1,672 43,017 47,652 194,196 38,950 
99,12 0,212 1,884 47,793 49,307 243,503 48,839 
118,12 0,218 2,103 52,528 48,048 291,551 58,476 
 
 
Tabela G.20 - Cinética da propolis verde 50 °C e 250 bar em duas etapas com scCO2 
na primeira etapa seguido com EtOH-H2O (80:30, v/v) na segunda etapa (massa inicial 
de amostra: 4,9858 g) 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra 
(g) 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
20 2,407 2,407 2,407 33,000 33,000 6,619 
40 1,805 4,212 4,212 33,000 66,000 13,238 
60 1,805 6,017 6,017 33,000 99,000 19,856 
80 0,802 6,819 6,819 33,000 132,000 26,475 
90 0,201 7,020 7,020 16,500 148,500 29,785 
EtOH-
H2O 
(80:30, 
v/v) 
100 2,061 9,081 9,081 3,645 152,145 30,516 
110 3,590 12,671 12,671 3,926 156,071 31,303 
120 5,556 18,227 18,227 3,926 159,997 32,091 
130 5,820 24,047 24,047 3,926 163,923 32,878 
150 8,463 32,510 32,510 7,852 171,776 34,453 
170 5,050 37,561 37,561 7,852 179,628 36,028 
190 4,360 41,921 41,921 7,852 187,480 37,603 
210 3,686 45,608 45,608 7,852 195,332 39,178 
230 1,944 47,551 47,551 13,122 208,454 41,810 
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Tabela G.21 - Cinética da propolis verde 50 °C e 250 bar em três etapas com scCO2 
na primeira etapa seguido com EtOH na segunda etapa e por ultimo com H2O (massa 
inicial de amostra: 4,9858 g) 
 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra 
(g) 
CO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
20 0,125 0,125 2,497 33,000 33,000 6,619 
40 0,140 0,265 5,305 33,000 66,000 13,238 
60 0,090 0,355 7,110 33,000 99,000 19,856 
80 0,040 0,395 7,912 33,000 132,000 26,475 
90 0,010 0,405 8,113 16,500 148,500 29,785 
EtOH 
100 0,219 0,623 12,495 3,926 152,426 30,572 
110 0,181 0,804 16,126 3,926 156,352 31,360 
120 0,144 0,948 19,004 3,926 160,278 32,147 
130 0,149 1,097 22,002 3,926 164,204 32,934 
150 0,258 1,355 27,177 7,852 172,057 34,509 
170 0,233 1,588 31,850 7,852 179,909 36,084 
190 0,221 1,809 36,283 7,852 187,761 37,659 
210 0,201 2,010 40,314 7,852 195,613 39,234 
H2O 
220 0,154 2,164 43,403 5,000 200,613 40,237 
230 0,106 2,270 45,519 5,000 205,613 41,240 
240 0,087 2,357 47,264 5,000 210,613 42,243 
250 0,065 2,421 48,558 5,000 215,613 43,245 
270 0,057 2,478 49,701 10,000 225,613 45,251 
290 0,051 2,529 50,724 10,000 235,613 47,257 
310 0,074 2,603 52,208 10,000 245,613 49,263 
330 0,066 2,669 53,532 10,000 255,613 51,268 
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Tabela G.22 - Cinética a propolis vermelha 50 °C e 250 bar em uma única etapa com 
co-solvente  (massa inicial de amostra: 5 g) 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra 
(g) 
scCO2 + 
EtOH-
H2O 
(70:30, 
v/v) 
0,00 0,000 0,000 0,000 0,000 0,000 0,000 
11,00 0,004 0,004 0,084 26,148 26,148 5,230 
21,00 0,015 0,019 0,374 25,271 51,419 10,284 
30,00 0,796 0,814 16,287 24,394 75,812 15,162 
40,00 0,538 1,353 27,057 25,271 101,083 20,217 
60,03 0,388 1,741 34,819 50,568 151,651 30,330 
78,53 0,279 2,020 40,405 49,226 200,877 40,175 
99,12 0,218 2,238 44,763 51,059 251,936 50,387 
118,12 0,236 2,474 49,485 49,664 301,600 60,320 
138,12 0,176 2,650 52,999 50,542 352,142 70,428 
158,12 0,236 2,886 57,711 50,542 402,683 80,537 
178,12 0,188 3,074 61,477 50,542 453,225 90,645 
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Tabela G.23 - Cinética da propolis vermelha 50 °C e 250 bar em duas etapas com 
scCO2 na primeira etapa seguido com EtOH-H2O (70:30, v/v) na segunda etapa 
(massa inicial de amostra: 4,98001 g) 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente 
(g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra 
(g) 
scCO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
10 0,094 0,094 1,875 16,500 16,500 3,309 
20 0,078 0,171 3,431 16,500 33,000 6,619 
30 0,038 0,209 4,188 16,500 49,500 9,928 
40 0,030 0,239 4,796 16,500 66,000 13,238 
50 0,122 0,361 7,250 16,500 82,500 16,547 
60 0,061 0,422 8,465 16,500 99,000 19,856 
70 0,049 0,471 9,446 16,500 115,500 23,166 
80 0,050 0,521 10,458 16,500 132,000 26,475 
90 0,013 0,534 10,713 16,500 148,500 29,785 
EtOH-
H2O 
(70:30, 
v/v) 
100 0,477 1,011 20,276 7,067 155,567 31,202 
110 0,224 1,235 24,779 3,926 159,493 31,989 
120 0,164 1,400 28,079 3,926 163,419 32,777 
130 0,170 1,570 31,496 3,926 167,345 33,564 
150 0,276 1,847 37,036 7,852 175,197 35,139 
170 0,234 2,080 41,725 7,852 183,050 36,714 
190 0,207 2,287 45,867 7,852 190,902 38,289 
210 0,206 2,492 49,991 7,852 198,754 39,864 
230 0,062 2,554 51,233 7,100 205,854 41,288 
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Tabela G.24 - Cinética da propolis vermelha a 50 °C e 250 bar em três etapas com 
scCO2 na primeira etapa seguido com EtOH na segunda etapa e por ultimo com H2O 
(massa inicial de amostra: 4,9901 g) 
 
Solvente 
Tempo 
(min) 
Massa do 
extrato (g) 
Massa 
acumulada 
do extrato 
(g) 
Rendimento 
(%) 
Massa de 
solvente (g) 
Massa de 
solvente 
acumulada 
(g) 
Massa de 
solvente/ 
massa de 
amostra (g) 
scCO2 
0 0,000 0,000 0,000 0,000 0,000 0,000 
10 0,053 0,053 1,063 16,500 16,500 3,309 
20 0,060 0,113 2,266 16,500 33,000 6,619 
30 0,080 0,193 3,871 16,500 49,500 9,928 
40 0,100 0,293 5,877 16,500 66,000 13,238 
50 0,090 0,383 7,682 16,500 82,500 16,547 
60 0,070 0,453 9,086 16,500 99,000 19,856 
70 0,071 0,524 10,510 16,500 115,500 23,166 
80 0,060 0,584 11,713 16,500 132,000 26,475 
90 0,050 0,634 12,716 16,500 148,500 29,785 
EtOH 
100 0,550 1,184 23,741 3,926 152,426 30,572 
110 0,287 1,470 29,488 3,926 156,352 31,360 
120 0,210 1,680 33,694 3,926 160,278 32,147 
130 0,176 1,856 37,224 3,926 164,204 32,934 
150 0,248 2,104 42,192 7,852 172,057 34,509 
170 0,164 2,267 45,477 7,852 179,909 36,084 
190 0,137 2,404 48,215 7,852 187,761 37,659 
210 0,117 2,521 50,566 7,852 195,613 39,234 
H2O 
220 0,063 2,584 51,833 5,000 200,613 40,237 
230 0,100 2,684 53,829 5,000 205,613 41,240 
240 0,155 2,839 56,938 5,000 210,613 42,243 
250 0,195 3,034 60,847 5,000 215,613 43,245 
270 0,104 3,138 62,931 10,000 225,613 45,251 
290 0,150 3,287 65,935 10,000 235,613 47,257 
 
 
 
 
  
[ 268 ] 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ANEXOS 
 
 
 
  
[ 269 ] 
 
  
https://s100.copyright.com/AppDispatchServlet 
24/08/2017 Rightslink® by Copyright Clearance Center  
 
 
 
Title: Extraction of bioactive 
compounds from cob and 
pericarp of purple corn (Zea 
mays L.) by sequential 
extraction in fixed bed extractor 
using supercritical CO2, ethanol, 
and water as solvents 
Author: Yaneth M. Monroy,Rodney A.F. 
Rodrigues,Adilson 
Sartoratto,Fernando A. Cabral 
Publication: The Journal of Supercritical 
Fluids 
Publisher: Elsevier 
Date: January 2016 
Copyright © 2015 Elsevier B.V. All rights reserved. 
Logged in as: 
YANETH MACHACA MONROY 
UNICAMP 
Account #: 
3001187912 
 
 
Order Completed 
Thank you for your order. 
 
This Agreement between UNICAMP -- YANETH MACHACA MONROY ("You") and Elsevier 
("Elsevier") consists of your license details and the terms and conditions provided by Elsevier 
and Copyright Clearance Center. 
 
Your confirmation email will contain your order number for future 
reference. Printable details. 
License Number 4175350558568 
License date Aug 24, 2017 
Licensed Content 
Publisher 
Licensed Content 
Publication 
Elsevier 
 
The Journal of Supercritical Fluids 
Licensed Content Title Extraction of bioactive compounds from cob and pericarp of purple corn (Zea 
mays L.) by sequential extraction in fixed bed extractor using supercritical 
CO2, ethanol, and water as solvents 
Licensed Content 
Author 
Yaneth M. Monroy,Rodney A.F. Rodrigues,Adilson Sartoratto,Fernando A. Cabral 
Licensed Content Date Jan 1, 2016 
Licensed Content 
Volume 
107 
Licensed Content Issue  n/a 
Licensed Content Pages  10 
Type of Use reuse in a thesis/dissertation 
Portion full article 
Format both print and electronic 
Are you the author of 
this Elsevier article? 
Yes 
Will you be translating? No 
Title of your 
thesis/dissertation 
Expected completion 
date 
Estimated size (number 
of pages) 
Requestor Location 
EXTRACTION AND FRACTIONATION OF PHENOLIC COMPOUNDS OF PURPLE CORN, GREEN 
PROPOLIS AND RED PROPOLIS USING SUPERCRYTICAL TECHNOLOGY 
Nov 2017 
 
200 
 
 
 
ANEXO 1: COMPROVANTES DE PUBLICAÇÃO (1º ARTIGO) 
  
[ 270 ] 
 
  
https://s100.copyright.com/AppDispatchServlet 
Rightslink® by Copyright Clearance Center 24/08/2017 
 
 
Requestor Location UNICAMP 
R. Monteiro 
Lobato 80, 
Cidade 
Universitária, 
Campinas - SP, 
13083-852 
Campinas, São Pablo (19) 
3521-4044 Brazil 
Attn: UNICAMP. 
Total 0.00 USD 
 
 
  
Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. 
Terms and Conditions. Comments? We would like to hear from you. E-mail us at 
customercare@copyright.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ANEXO 1: COMPROVANTES DE PUBLICAÇÃO (1º ARTIGO) 
Continuação 
  
[ 271 ] 
 
  
24/08/2017 Rightslink® by Copyright Clearance Center 
 
 
 
 
 
 
 
Title: Optimization of the extraction of 
phenolic compounds from 
purple corn cob (Zea mays L.) 
by sequential extraction using 
supercritical carbon dioxide, 
ethanol and water as solvents 
Author: Yaneth M. Monroy,Rodney A.F. 
Rodrigues,Adilson 
Sartoratto,Fernando A. Cabral 
Publication: The Journal of Supercritical 
Fluids 
Publisher: Elsevier 
Date: October 2016 
Copyright © 2015 Elsevier B.V. All rights reserved. 
Logged in as: 
YANETH MACHACA MONROY 
UNICAMP 
Account #: 
3001187912 
 
 
Order Completed 
Thank you for your order. 
 
This Agreement between UNICAMP -- YANETH MACHACA MONROY ("You") and Elsevier 
("Elsevier") consists of your license details and the terms and conditions provided by Elsevier 
and Copyright Clearance Center. 
 
Your confirmation email will contain your order number for future 
reference. Printable details. 
License Number 4175350558568 
License date Aug 24, 2017 
Licensed Content 
Publisher 
Licensed Content 
Publication 
Elsevier 
 
The Journal of Supercritical Fluids 
Licensed Content Title  Optimization of the extraction of phenolic compounds from purple corn cob (Zea 
mays L.) by sequential extraction using supercritical carbon dioxide, ethanol 
and water as solvents 
Licensed Content 
Author 
Yaneth M. Monroy,Rodney A.F. Rodrigues,Adilson Sartoratto,Fernando A. Cabral 
Licensed Content Date Oct 1, 2016 
Licensed Content 
Volume 
116 
Licensed Content  Issue n/a 
Licensed Content Pages 10 
Type of Use reuse in a thesis/dissertation 
Portion full article 
Format both print and electronic 
Are you the author of 
this Elsevier article? 
Yes 
Will you be translating? No 
Title of your 
thesis/dissertation 
Expected completion 
date 
Estimated size (number 
of pages) 
EXTRACTION AND FRACTIONATION OF PHENOLIC COMPOUNDS OF PURPLE CORN, GREEN 
PROPOLIS AND RED PROPOLIS USING SUPERCRYTICAL TECHNOLOGY 
Nov 2017 
 
200 
ANEXO 2: COMPROVANTES DE PUBLICAÇÃO (2º ARTIGO) 
  
[ 272 ] 
 
  
24/08/2017 Rightslink® by Copyright Clearance Center 
 
 
 
Requestor Location UNICAMP 
R. Monteiro Lobato 
80, Cidade 
Universitária, 
Campinas - SP, 
13083-852 
Campinas, São Pablo (19) 3521-
4044  
Brazil 
Attn: UNICAMP 
Total                 0.00 USD 
 
Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. 
Terms and Conditions. Comments? We would like to hear from you. E-mail us at 
customercare@copyright.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ANEXO 2: COMPROVANTES DE PUBLICAÇÃO (2º ARTIGO) 
Continuação 
  
[ 273 ] 
 
  
https://s100.copyright.com/AppDispatchServlet 
24/08/2017 Rightslink® by Copyright Clearance Center  
 
 
 
Title: Influence of ethanol, water, and 
their mixtures as co-solvents of 
the supercritical carbon dioxide 
in the extraction of phenolics 
from purple corn cob (Zea mays 
L.) 
Author: Yaneth M. Monroy,Rodney A.F. 
Rodrigues,Adilson 
Sartoratto,Fernando A. Cabral 
Publication: The Journal of Supercritical 
Fluids 
Publisher: Elsevier Date: December 2016 
© 2016 Elsevier B.V. All rights reserved. 
Logged in as: 
YANETH MACHACA MONROY 
UNICAMP 
Account #: 
3001187912 
 
 
Order Completed 
Thank you for your order. 
 
This Agreement between UNICAMP -- YANETH MACHACA MONROY ("You") and Elsevier 
("Elsevier") consists of your license details and the terms and conditions provided by Elsevier 
and Copyright Clearance Center. 
 
Your confirmation email will contain your order number for future 
reference. Printable details. 
License Number 4175500918241 
License date Aug 24, 2017 
Licensed Content 
Publisher 
Licensed Content 
Publication 
Elsevier 
 
The Journal of Supercritical Fluids 
Licensed Content Title  Influence of ethanol, water, and their mixtures as co-solvents of the 
supercritical carbon dioxide in the extraction of phenolics from purple corn cob 
(Zea mays L.) 
Licensed Content 
Author 
Yaneth M. Monroy,Rodney A.F. Rodrigues,Adilson Sartoratto,Fernando A. Cabral 
Licensed Content Date Dec 1, 2016 
Licensed Content 
Volume 
118 
Licensed Content  Issue n/a 
Licensed Content Pages 8 
Type of Use reuse in a thesis/dissertation 
Portion full article 
Format both print and electronic 
Are you the author of 
this Elsevier article? 
Yes 
Will you be translating? No 
Title of your 
thesis/dissertation 
Expected completion 
date 
Estimated size (number 
of pages) 
EXTRACTION AND FRACTIONATION OF PHENOLIC COMPOUNDS OF PURPLE CORN, GREEN 
PROPOLIS AND RED PROPOLIS USING SUPERCRYTICAL TECHNOLOGY 
Nov 2017 
 
200 
ANEXO 3: COMPROVANTES DE PUBLICAÇÃO (3º ARTIGO) 
  
[ 274 ] 
 
  
 
 
 
Requestor Location UNICAMP 
R. Monteiro Lobato 80, 
Cidade Universitária, 
Campinas - SP, 13083-852 
Campinas, São Pablo (19) 3521-4044  
Brazil 
Attn: UNICAMP 
Total                 0.00 USD 
 
 
  
Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and 
Conditions. Comments? We would like to hear from you. E-mail us at customercare@copyright.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ANEXO 3: COMPROVANTES DE PUBLICAÇÃO (3º ARTIGO) 
Continuação 
  
[275 ] 
 
  
24/08/2017 Rightslink® by Copyright Clearance Center 
 
 
 
 
 
Title: Brazilian green propolis extracts 
obtained by conventional 
processes and by processes at 
high pressure with supercritical 
carbon dioxide, ethanol and 
water 
Author: Yaneth M. Monroy,Rodney A.F. 
Rodrigues, Marili V.N. 
Rodrigues,Anderson S. 
Sant’Ana,Beatriz S. 
Silva,Fernando A. Cabral 
Publication: The Journal of Supercritical 
Fluids 
Publisher: Elsevier Date: December 2017 
© 2017 Elsevier B.V. All rights reserved. 
Logged in as: 
YANETH MACHACA MONROY 
UNICAMP 
Account #: 
3001187912 
 
 
Order Completed 
Thank you for your order. 
 
This Agreement between UNICAMP -- YANETH MACHACA MONROY ("You") and Elsevier 
("Elsevier") consists of your license details and the terms and conditions provided by 
Elsevier and Copyright Clearance Center. 
Your confirmation email will contain your order number for future 
reference. Printable details. 
License Number 4197680330955 
License date Sep 28, 2017 
Licensed Content 
Publisher 
Licensed Content 
Publication 
Elsevier 
 
The Journal of Supercritical Fluids 
Licensed Content Title  Brazilian green propolis extracts obtained by conventional processes 
and by processes at high pressure with supercritical carbon dioxide, 
ethanol and water 
Licensed Content 
Author 
Yaneth M. Monroy,Rodney A.F. Rodrigues,Marili V.N. Rodrigues,Anderson S. Sant’Ana,Beatriz S. 
Silva,Fernando A. Cabral 
 
Licensed Content Date Dec 1, 2017 
Licensed Content 
Volume 
130 
Licensed Content  Issue 
n/a Licensed Content 
Pages 9 
Type of Use reuse in a thesis/dissertation 
Portion full article 
Format both print and electronic 
Are you the author of 
this Elsevier article? 
Yes 
Will you be translating? No 
Title of your 
thesis/dissertation 
Expected completion 
date 
Estimated size (number 
of pages) 
EXTRACTION AND FRACTIONATION OF PHENOLIC COMPOUNDS OF PURPLE CORN, GREEN 
PROPOLIS AND RED PROPOLIS USING SUPERCRYTICAL TECHNOLOGY 
Nov 2017 
 
200 
ANEXO 4: COMPROVANTES DE PUBLICAÇÃO (4º ARTIGO) 
  
[ 276 ] 
 
  
28/09/2017 Rightslink® by Copyright Clearance Center 
 
 
 
Requestor Location UNICAMP 
R. Monteiro Lobato 80, 
Cidade Universitária, 
Campinas - SP, 13083-852 
Campinas, São Pablo (19) 3521-4044  
Brazil 
Attn: UNICAMP 
Total                 0.00 USD 
 
 
  
Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and 
Conditions. Comments? We would like to hear from you. E-mail us at customercare@copyright.com 
 
 
ANEXO 4: COMPROVANTES DE PUBLICAÇÃO (4º ARTIGO) 
Continuação 
